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Abstract

A quantitative kinetics analysis of the solution-mediaphase transformations in aqueous-
ethanol between the enantiotropically related alpha aeth kpolymorphs of para-
aminobenzoic acid (PABA) is presented. A new tempegatontrolled transmission flow-
cell design for use with a laboratory X-ray source whiah be utilised for diffraction or
scattering experiments is described. This transmisstinn combination with in-situ slurry
X-ray diffraction is utilised to provide a quantitative anadysf the percentage by mass of
respective solid phases in flowing suspensions, coupled withicso concentration as
measured with UV-Vis spectroscopy. The separate phasedeatdied through individual
fingerprint peaks, the (1 0 3) reflection2#t = 15.6 relating to the alpha phase and the (0 2
2) reflection at2d = 25.3 for the beta phase. Examination of the conversioa sltirry of
beta PABA in a 70:30 water:ethanol solvent mixture to the glphanorph, at a temperature
range of 24-3TC reveals the rate of dissolution of the beta phasensistent with zero order
kinetics (rate constant,k6.80x10*— 8.17x1® wt% s') , while the growth of the alpha phase
follows first order kinetics (& 1.00x10° — 2.50x10* w% st). Extrapolation of the growth
and dissolution rate constants yields a transformat@nperature for the phase inter-
conversion of 22-24 °C. Overall the data is consistetit wifast de-supersaturation of the
solution concentration indicating a dissolution-coleb polymorphic transformation

process.



1. Introduction

Polymorphism is a property exhibited by many organic moleaufeseby a single chemical
entity can pack in crystallographically different formisese forms are the same compound
but may have very different physicochemical propertiesPolymorphism is of specific
interest to the pharmaceutical sector due to the sometiaastrophic effects small changes
in molecular assembly have on the physical or chenpcaperties of a material. The
influence of downstream processing complications, blithy variations, bio-availability
reactivity and performance issues of pharmaceutical amall ©rganic molecules due to
unwanted polymorphic changes have been well documemedassic example is Ritonivir
where a change in the known polymorphic form led to a founfedliction in material
solubility resulting in product withdrawalA number of other examples have been discussed
by Dunnitz and Bernstein which has sought to highlight the difficulty of polymorphic
control during the preparation of some organic materidleansformation between
polymorphic forms are often solution medidteshd the thermodynamic and kinetic factors
governing such transformations are important if a proisetss be, not only fully understood
and characterised, but also if it is to be controlled iegaoducible manner. The kinetics of
polymorphic phase transformations can be monitored offlineuth the use of sampling
methods together with crystal characterisation using e-BayXdiffraction (XRD), Raman
spectroscopy, differential scanning calorimetry and particde/shape analy$® However a
step towards fast, online methodologies for monitoring aHysation parametern-situ
which can be transferable to various scale sizes is deéedbe industrial sector not only as a
means of cost reduction but also in order to reduce sampiiogs. This desire for online
monitoring of crystallisation processes in an attemptotatrol unwanted phase transitions
has led to an increas# research into this area as well as the developmenuwierous

online monitoring techniques. A number of studies have impileedethe use ofn-situ



Raman spectroscopy probes to monitor the polymorphic phésecbnversion of organic
crystal systems, along with various techniques to quasuifytion concentration such as UV-

Vis spectroscopy and FTIR spectroscopit 12131415,

The attraction of monitoring a materials polymorphism g$ofid form and hence purity
control during crystallisation processes in the pharotézas and materials industry, has led
to the development ah-situ XRD characterisation. Previous work using flow cellsigpl
flow reactors and static melt crystallisation cells @m $ources and at synchrotron sites have
shown the benefits afh-situ measurements to yield information on initial polymorgbiens

in crystallising systems and nano-structural characesishiring nucleation everfst’ 1819
202122 23242526 |n_sjitu XRD has also shown to be a useful tool in quantitatiadysis and

phase inter-conversion kinetics through peak integratiethoas’ 28,

This study focuses on the phase transformation of the pgelgmorphic forms of p-
Aminobenzoic Acid (PABA) which has two enantiotropically-teth polymorphs, alpha and
beta The alpha crystal structuris monoclinic and has the space groBg/n with 2
crystallographically independent molecules in the asymenehit with 4 asymmetric units
with unit cell dimensions a = 18.551, b = 3.860, ¢ = 18.642 #) wibeta angle = 93.58°
The beta form crystallises also in the monoclingstesm but in the space group:R2and
with a uni-molecular asymmetric unit having 4 molecules: ianit cell of dimensiona =
6.275 A, b = 855 A, ¢ = 12.80 A, and a beta angle = 10830Fhe system transition
temperature has been previously quoted 4€,22s obtained from solubility d&ta whereas
a more recent stud¥ usingin-situ Raman spectroscopy quoted a value of 13.8°C. In both
cases the alpha form been the form stable at higimapdratures whereas the beta fasm
stable at lower temperatures. The alpha form crystattsire contains a dominant OBI-
carboxylic acid dimer and m-n stacking interactions which contribute considerably to the

lattice energ$?. The alpha form is generally crystallised more readilyder kinetic
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conditions which has been linked to the possible formabibthe COOH dimer, inherent
within the alpha structure, in the solution pf4s&. The beta form lacks this dimer been
characterised by a four memberé&H-O and OH-N hydrogen bonding The
commercially available alpha polymorph isafheedle morphology and the beta polymorph
is of prismatic morpholog¥. Comprehensive nucleation kinetics of the alpha formABA&
have recently been reported; utilising both isothermal @oly-thermal approaches to
understand molecular de-solvation during the nucleationepsoand the impact of solution

supersaturation on nucleation mechaﬁ%

This paper presents an examination of the solution-meldgatlymorphic inter-conversion of
the beta to alpha forms of PABA utilising a new experimkerget-up encompassing
transmission XRD slurry flow cell used in combinationtiwisolution concentration
measurements using ATR UV/Vis spectroscopy. The data iysadaresulting in the
derivation of the transformation kinetic parametergetber with a detailed analysig the

rate-determining steps involved as obtained through a cosopaoif the solids and solution

concentration transformation profiles.



2. Materials and Methods
2.1 Materials

The PABA used in this study was supplied by Sigma Aldrich wipurity of >99%, ethanol
was used as supplied by Sigma Aldrich at 98% purity, deionised waie also used in

calibration and preparation of the beta form crystals.
2.2 Preparation of Starting Materials

The crystals of the beta polymorph were prepared usingpémermal slurry inter-conversion
method from the alpha form at 5°C over a period of ca. ddy®. Typically a 10 w/w%
slurry of alpha form crystals were prepargddeionised water a magnetically stirred (300
rpm) 200ml scale jacketed batch reactor, temperatureotorftihe system was provided by a
Julabd® F32 oil bath using a Pt100 resistance probe. The intefecsion process was
analysed off-line using a Bruker Bf8diffractometer for powder X-ray diffraction (PXRD
analysis,in order to determine the alpha and beta phase solidemwaton to ensure the
polymorphic purity of the resulting beta phase crystalsa@es of slurry were taken, filtered
under vacuum and dried immediately in a sample oven set atf60°T2hours, the dried
sanple was then analysed by PXRD and full profile fitting eafrout determine sample
purity. Seed crystals of the alpha form for the trams&dion experiments were prepared
using PABA as supplied by Sigma, the material was milledguaimortar and pestle to a

particle size of ca. 5(m by optical microscopy.
2.3In-Situ PXRD System and Flow Cell

The general experimental set up for thesitu XRD analysis has been previously described
in some deta40 4 In summary, it comprises an INEL120° curve position sensitive

detector, Bed® Microsource X-ray generator (Cu K-alpha) with a mahromator, X-ray
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beam conditioning slits and collimator set within a saéglosure. The slurry flow through
system comprised a 100ml jacketed glass crystalliser, ewhgitation was provided by
magnetic stirring and temperature monitoring of the reamatents temperature was carried

out using a Pt100 probe connected to a ﬁmz circulation bath.

A new in-situ X-ray transmission flow-through cell was designesstructed and employed

onto the existing systeis shown i Figure [1a) and.byhe cell contains a cartridge with a

borosilicate glass capillary tube secured inside, thispe the X-ray beam to impinge upon
the crystals within the flowing slurry, a full descriptiofithe transmission cell can be found
in S1 in the supporting informatiofhis in-situ cell was commissioned before use in the
transformation experiments and was found to produce a timdetection, i.e. the least
amount of material before detection at the detector006 wt% for the alpha polymorph,

details of the commissioning experiments are provided in 8#&isupporting information.

Thein-situ cell and slurry flow cell flow lines were temperatucayrolled via coaxial hose
fittings, this allowed the same cooling/heating liquid witthie circulation bath used for the
reactor to be supplied to the flow-through cell to minimisaperature variations between
the reactor and celA flow loop was used between the reactor and cell to ermaoigation

of the crystal slurry with flow enabled using a Watsorriba** 300 series peristaltic pump.
The concentration of the solution was monitored withia batch reactor using a Zeiss
MCS621% UV-VIS spectrometer equipped with an ATR proBemulti-channel analyser
was utilised to read the detector signal together with Besigftware; Polycrys for
analysis of the collected XRD profiles. A PC with Natiolmetruments LabVIEW software
was used to collect data for the UV-Vis spectrometer ab agetontrol the reactor and

monitor the temperature profiles.



Figure 1a) Adrawing of the new transmission X-ray flow through logthe new cell
positioned within the X-ray enclosure set-up in transmission mode with the X-ray source in
the background, c) replaceable flow cell cartridges with borosilicate glass wirdjows,
Experimental setup of the online XRD unit, highlighting the curved detector, x-ray source,
reactor and flow cell and flow cell

2.4 Polymorph Concentration Calibration in Crystal Slurries

The solids concentration of each polymorph in a crystallinery was related to the area
underneath a significant peak in the diffraction patterrttie two polymorphsA saturated
solution of the alpha or beta polymorph in 70:30 deionise@mwadthanol, was prepared and
held at 20°C, in the case of beta this presdany transformation to the alpha form as at this
temperature the transformation is sufficiently slovhis solvent mix was used as PABA is
hydrophobic hence mixing with pure water causes the slurrpdm fand separate, 70:30
water:ethanol mixes provided a low volatility and also sufficieixing of the solid and

solution phases to produce a homogenous slurry. The soligdentrations of separate alpha



and beta slurries analysed were 2, 4, 6, 8 and YWwiere the XRD data collection times

were 5 minutes
2.5 Polymorphic Slurry Transformation Experiments

The solubility of the alpha polymorph was determined by gravimenalysis, a full
description of the method and data is provided in S3 éndihpporting informatianA
saturated solution of beta PABA was prepared in the ch@8e€30 water:ethanol solvent
established from existing solubility data for the alpha pohlghand adding small amounts
of beta PABA to the saturation concentration at gexsied isothermal temperatures; 24, 26,
28, 30, 32, 34°C. A slurry containing 7 wt/wt% solids of the belginporph was prepared
with agitation at 300 rpm provided by magnetic stirring.d®elecrystallisation experiments
were carried out to ensure data collected reflected thelutis® and growth processes
mindful that low temperature un-seeded experiments can takeakeays to transform due
to the long induction time for spontaneous nucleation.okallg this, 0.2 wt/wt% of alpha
form seeds were added to the reactor and XRD patterns wenelegcat 300 second
intervals. The solution concentration was monitoreddaprding the UV/Vis absorbance of

the reactor contents every 300 seconds from a UV/Vis ATBepirothe vessel.
2.6 Data Analysis

The XRD data collected was smoothed using smoothed principglar@ent analysis (SPCA)
with a purpose written algorittffhwhich improved the signal to noise ratio of the patterns
and hence provided a lower limit of detection for the twtymorphic forms. The smoothed
data were analysed using the software package PoIstich involved background
subtraction through an iterative process to provide an a&sbimof the background scattering
of X-rays by air, the solvent and the borosilicate gjlafsthe cell. The reduced patterns were

then analysed by performing a peak searching function throstgndard deviation method



to identify peak position, followed by application of a Gauss$ianction to calculate a fitted
peak area, this value was used to relate the solid coatentof the slurry (wt %) to the

recorded diffraction patterns. A comprehensive review of nieshodology is provided in
Dharmayat et al (20(@

The growth and dissolution processes of SMPT for the $smelid phases were further
analysed through application of simple reaction moddigs was achieved by converting the
calculated wt/wt% from the calibration models to thetfoamal conversion of solids for each

phase using Equations 1 and 2.
XB=1- (Cﬁ(t)/cﬁ(i)) (Equation 1)
Xa = C“(t)/Ca(f) (Equation 2)

Where G(t) and G(t) are the concentrations of the respective phasegigen point in the
reaction, G(f) and G(i) are the concentration of alpha phase formed atibeof the reaction

and the initial starting concentration of the beta phesspectively,Xo and X5 are the

fractional conversionef the alpha and beta phases respectively.
kapt = XB (Equation 3)
kgat = —In(1 - Xa) (Equation 4)

The dissolution and growth profiles were fitted to zero fanstl order equations respectively
as highlighted in Equations 3 and 4, wheggikthe growth rate constant with respect to the
alpha polymorph, J is the dissolution rate constant with respect to the bdyenpoph and t

is time.
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3. Results and Discussion

3.1.Solid Phase Concentration Calibration
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Figure 2 a) Modelled PXRD patterns from the crystal structures of both polymorphs
highlighting the fingerprint peaks of both polymorphs, b) The calibration of peak area to
concentration in wt/wt% of the alplfa 0 3) and bet40 2 2) fingerprint peaks) Diffraction
patterns as a function of slurry concentration for the alpha polymorph and dgtehe
polymorph

A comparative examination of the reference XRD pattéonshe alpha and beta phases, as

shown in Figure Ra) reveal suitable finger printing X-papaks for solid phase concentration

calibration. In this the (1 0 3) and the (0 2 2) peaks feripha and beta forms respectively,
were found to be the most suitable, i.e. being free frompebing (overlapping) peaks of the
other phase. This was aided by the preferential orientafidhe needle-like alpha crystals
within the slurry line which reduced greatly the higher orderatiffon peak intensity of this

phase. From measurement of the peak areas of the (ar@l D 2 2) fingerprinting peaks as
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a function of concentration, Figur¢ 2c) and d) respdgtitke solid concentrations of the two

phases could be calculated by using calibration curves aﬂnsilfigure 2b).

3.2.Phase Transformation from Unseeded and Seeded Slurries

It should be noted that the higher temperature seeded expevigel2 and 34°C and
unseeded experiments at 35°C and 45°C were not considered imntligsis as the
conversion rate was found tee too high relative to the data collection time resultingin
limited number of data points and thus extrapolation oftiingarameters was not possible.
The raw conversion data for these higher temperature de@deunseeded experiments can

be found in S4 and S5 in the supporting information respégtive

Figure &) shows overlaid time-dependant XRD data for the seeded pfzassformation

between the beta and alpha polymorphs at 30°C, the dstiagigered with time along the y
axis for clarity. The finger-printingl O 3) alpha and (0 2 2) beta peaks can be clearly seen

revealing that the dissolution of the beta phase occurdlyajoillowed by growth of the

alpha phase. FigurebBshows the data at the lower temperature of 24°C whemadjue beta

peaks are still visible however it can be seen that dissal and growth at this lower

temperature happens much less rapidly
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Figure 3 a) The recorded diffraction patterns, each a five minute datetioolléme, for the
seeded SMPT of beta to alpha phases at 30°C as a function of time, di)ettte d
diffraction patterns for the SMPT at Z4°
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3.3. Determination of Kinetic Parameters

Figure 4a) shows the fraction of solids converted afhephase for the seeded slurry

transformation experiment carried out at 30°C, this analysis carried out for each
isothermal experiment. The dissolution of the beta elveas found to follow a zero order
model using Equation,3his highlights that the beta phase dissolves very quiaklthe

beginning of the SMPT to provide the necessary supersatuffar the fast growing alpha
phase. The growth profiles of the alpha phase, were tee@h a first-order model using
Equation 4, in good agreement with previous studies forgtiesving phase during the
polymorphic transformation of L-glutamic Fitting of the growth and dissolution
profiles using these simple kinetics models allows tkieapolation of the rate constants
associated with each process to determine which islinsiterg in the transformation

kinetics.
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Figure 4 a) The SMPT at 30°C indicating the fractional conversion of solids in the skdry
circles: fractional conversion of beta phase, blue squares: fractional sionvef alpha
phase, b) dissolution of beta phase solids with zero ordgrgrowth of alpha phase with
first order fit, d) growth rate constants (red squares) and dissolution ratentsristae

diamonds) as a function of experimental isothermal temperature

The dissolution of the beta solids and the growthhefdlpha solids together with the zero

and first order fitting profiles are highlighted|in Figurdyand c) the calculated values of

growth and dissolution rate constants from the fitting @seas a function of the isothermal

temperature are provided [in Tabl¢ The error of these measurements was assessed by

repetition of the 28°C isothermal experiment and calmgahe growth and dissolution rate
constants, § and kg respectively, over six separate repetitions. The stdndi@viation was

found to be 8.8% forgkand 12.6% for d¢, which gave confidence to the calculated values at
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other temperatures, a full description of the error ¢afmn can be found in S6 in the
supporting information. Further to this a note should be mbdatdhe solution absorbance
measurements which were recorded for each single experiamehno repetitions were
carried out in this regard, as such care should be taken amedysing these data as the

solubility of the two polymorphs are very close.

The growth profiles of the alpha phase, highlighted in Figuje iAdicate that although a
simple first order model can be used to fit this curve, tiseseme deviation from the model;
particularly at the beginning of the experiment and towdndsend of the growth process.
This initial deviation is likely due to the slow initial growth the alpha phase due to poor
supersaturation generation by the slowly dissolving betaepide deviation from the fitted
model towards the end of the process is likely caused by poss tnansfer of solute

molecules from the almost supersaturation depleted @ojut the growing alpha crystals.

Table 1 The calculated dissolution and growth rate constants and their ratios for the
isothermal experiments

Temperature (°C)  Koa (W1% 'S ") ks (W% s ) Kae/ Kga
24 2.50E-04 8.17E-05 0.33
26 3.43E-04 1.98E-04 0.58
28 8.11E-04 4.99E-04 0.62
30 1.00E-03 6.80E-04 0.68

3.4. Estimation of the Enantiotropic Phase Transition Temperature

Figure 4d) provides a plot of the dissolution and growth temits derived from the fitting
process of the reaction models to the transformatiofilggaas a function of temperature.
The data provide an estimation as to the polymorphic tiamstemperature through
extrapolation of the two constants to 0 wt%!/ he dissolution and growth rate constants

were fitted with a linear function of the form y = 93014%523.608 R = 0.98 and y = 6914.9x
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+ 22.844 R = 0.94 respectively. The two equations provide an upper and fstienate of

the transition temperature for this enantiotropic sysierd2.8- 23.6°C.

Previous calculations of the transition temperaturettiertwo polymorphs of PABA, both
from solubility measurements, were found to be 25°C and b§°Gracin et al and Svard et
al, agreeing well with the value calculated in this ﬁ‘ﬂ( The reason for the variation in the
two quoted values from previous work is due to the close proxiofithe alpha and beta
solubility lines, and hence identifying an enantiotropic gitéon point is susceptible to
systematic errors. A further study which utilisedsitu Raman spectroscopy to monitor the
solids concentrations of two polymorphs by Hao |&] &und the transition temperature to
be 13.8C. The differences in this reported value andithsitu XRD measurements in this
work, may be due to timescale differences of the expersnbatrs in the XRD experiments

and days for the Raman experiments.

Table 2 the current literature measurements of the enantiotropic phase transformation
temperature for PABA

Transition Temperature Experimental Method Reference
25 °C Solubility Measurement Gracin et g
16 °C Solubility Measurement Svard et P
13.8 °C in-situ Raman Spectroscog Hao et §i
22.8-23.6 °C in-situ XRD This Research

The XRD experiments presented here did not characterise ld@mperatures for

transformation due to timescale limitations of the expeantaleset-up for long data collection
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times Additionally measurement of the alpha to beta transébion could shed more light on
the transformation process, however this reverse tanation requires weeks at low
temperatures and as such suffers the same timesca#ibms from the current experimental
set-up. Furthermore higher temperature unseeded experinvergscarried out to try to
assess the impact of nucleation times on the inteversion process however at the 35 and
45°C the interconversion occurred too rapidly for fittingkafetic models to the data, full
details can be found in S5 supporting information. This was dlosngodata collection times
of 5 minutes of the laboratory XRD and hence future work taacherise this phase
interconversion process at higher temperatures could b#edcaout using high flux
synchrotron radiation facilities.

3.5. Analysis of Time-Dependant Solution and Solids Composition

The SMPT of two solid phases can be described, in tesishe overall rate of
transformation, as the nucleation of the stable fampha in this case) the dissolution rate of
the metastable form (beta in this case) and growtheostable formFrom the calibratech-
situ XRD measurements the relative time-dependant ctnatiens of the two polymorphs as
a function of temperature has now been determined. Thesebe combined with the
measured UV/Vis absorbance which is related to solution ctratien of PABA and hence

the analysis of these three components can be dakcribe

17



0163 0.15

@

1 g ) 8
g &

0 !
o 016 T 0.9 oass §
[=] (%] °
=2 s a 2 2
‘2 < uo‘ 0.8 —B— beta solids - 014 =<
“— —B— beta solids 2 “
o 07 ] 0.155 E. "’5 0.7 ~{@-alpha solids =
g 06 i-aipha salids g g solution concentration | 0.135 ;
v solution concentration ~ ‘w 06 =
e 015 c ] ~
Zos : S 4 013 ¢
2 2 05 H
] = < K]
Soa £ O o4 ®
w® — 0. 0125 &
£ 0.145 é g s
203 £ S 03 b
8 S ||8 012 §
= @ o
w 0.2 014 § £ 02 =
| | 0115 ©
01 El : 2
5 0.1 5
n ]
0+ a—o—o—>o 0.135 0 - B—a—a—=8 011 ©

0 1000 2000 3000 0 500 1000 1500 2000 2500 3000
Time / seconds Time / seconds
1 c) =@ 0.105 1 d) =a 0.12
09 0.9

0.115

o
)

e

<
e
N

0.11

e
o

0.6 0.095

0.5 0.105

e
IS

0.4 —o—beta solids._ 0.09
—<o— beta solids
~@~alphasolids 0.1

Fractional Conversion of Solids

Fractional Conversion of Solids
3
Solution Concentration / UV/Vis Absorbance

Solution Concentration / UV/Vis Absorbance

03 03 {8~ alpha solids
solution concentration

02 0.085 0.2 solution concentration

. " 0.095
0.1 0.1

0 o 0.08 (U 0.09

0 1000 2000 3000 4000 5000 6000 0 2000 4000 6000 8000
Time [ seconds Time / seconds

Figure 5 beta to alpha phase transformation profiles at a) 30°C, b) 28°C, c) 264 and
24°C, highlighting the fractional conversion of the solid phases together with the measured
UV-Vis absorbance of the solution

Figure § merges the calculated fractional conversioneostiids concentrations of the alpha

and beta forms of PABA, with the measured solution catnadon with respect to the
absorbance measured frddV-Vis analysis. It should be noted that the ratioshef $olid
phase concentrations do not always equal 1 during the phaséonrai®n, this was
attributed to two components; the first was the prefaknotientation of the needle like
crystals of the alpha phase producing a strong diffractignal of the (1 0 3) peak and also
the poor diffraction of the beta phase relative to algh&ch becomes particularly notable at

low beta solids concentrations.
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From analysis of the solids concentration profiles gvident that all the SMPT experiments
proceeded with a sharp reduction in the overall solidsesdration of the metastable beta
phase. This observation indicates that the nucleatitenof the stable form is very high, this

IS unsurprising as these experiments were carried out sedding conditions, further to this

the solution was supersaturated with respect to the metadietd phase and hence the
supply of secondary nuclei combined with a low thermodyoaand kinetic barrier to

nucleation results in high nucleation and growth rates.

The trend in solution absorbance as measured by UV/Visrepeapy was found to be quite
similar for all 4 isothermal temperatures where the smiutle-supersaturated very rapidly at
the start of the transformation proceddis de-supersaturation of the solution largely

precedes the nucleation and growth of the alpha phaselsntha rapid dissolution of the

beta phase. This suggests that the SMPT ‘@issolution controlled’ process (Figure 3

where the rate of formation of the stable phase owtiyaate of alpha (%wt is much
larger than the dissolution rate of the metastabla pbase (%wtY required to maintain

the relative supersaturation in the system.

The ratios of the calculated dissolution and growth catgstants, summarised in Table 4,
also support this conclusion where the values at alhesotal conditions are <1. This is
supported by the previous work of Davey and Carlewo highlighted that a dissolution
controlled process results in this ratio becoming leae L This observed dramatic decreas

in solution absorbance is proceeded by a plateau phase tiratisformation, this is visible in

the experiment carried out at 28°C|in Figure 5Ah explanation for this is that an

equilibrium point is reached in the transformation preagkere the combination of the very
fast nucleation and subsequent growth of alpha witlsltve dissolution of beta becomes rate

limiting.
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3.6.Factors Influencing the Kinetics of the Transformation Process

A number of factors could potentially impact the relativee ratocesses involved in the
transformation process and these have been highlighted’Mahony et when
comparing the phase transformation profiles of a numbéromanic materials
Conventionally herate of dissolution (g/fil.s) is usually assumed to be greater than the rate
of growth (g/m.L.s). This reflects the fact that the latter involtemnsport of solute across a
boundary layer followed by molecular rearrangement at gshdace and subsequent
integration to kink sit€$ In the current study it has been shown that it is theollissn of

the metastable beta phase that is the rate determiejpglsring the SMPT of the beta to the
alpha polymorph. This observation has also been repont¢def@ase DL-methionine during
the SMPT of the a to y polymorph, where the dissolution of the metastable o form was found

to be rate limiting™.

This dissolution controlled process may be influenced by tlserobdexperimental particle
morphology for the two polymorphwith the beta phase being prismatic and thus much more

isotropic in shape in comparison to the more needé-likorphology of the alpha

polymorpf3{*°|as shown in Figure|6rhese differences would be consistent with a slower

dissolution rate for the prismatic beta phase due tdlemnsalid-liquid interfacial surface area
per volume mass relative to the very directional growsftthe needle-like alpha phase, which
primarily occurs along the b axis and has a much largea-Bgliid interfacial surface area

per unit mass of crystals.
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Figure 6 (& Micrographs of the starting beta phase seeds (b) alpha crystals post
transformation experiments

The isotropic nature of the intermolecular bonding andaear chemistry of the beta
polymorph with respect to the alpha polymorph, has beesmousy studied by Rosbottom et
aiFthhrough empirical forcefield modelling and the morphologmaddiction of these two
forms. Drawing upon this study Table 2 highlights the attachreeatgie$? and surface

saturatiof® for the morphologically important surfaces of the twonfsr of PABA.

Importantly, the alpha polymorph contains high energy law surface saturation faces in
the b needle axis direction associated with the graittine {O 1 -1} and {1 1 0} surfaces

which result in its anisotropic morphology.

Conversely the external morphology for the beta pohlpinccontains surfaces whereby the
attachment energy and surface saturation are more eygabdsacross the important particle
faces, hence presenting a much more isotropic morphalodjyarguably a slower dissolution
rate relative to the growth rate of the alpha forrartlker to this the dominant surface
chemistry with respect to surface area for the beta ferdominated by hydrogen bonding
interactions, Table 3, whereby solvation of the morpdioklly important faces would be
more isotropic. Whilst alpha PABA also has the slowerwgrg faces dominated by
hydrogen bonding resulting in a stable surface, howevearadht its needle axis and {0 1 -1}
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surfaces are characterised by n-n stacking interactions which might be expected to result i

rapid de-solvation and fast growth. Hence, the observétat dissolution is the rate limiting

step in this transformation process can be rationaliséekrms of differences in surface area,

morphology and surface chemistry between the two polymofprms.

Table 3 Attachment energy and % surface saturation for the morphologically impackst

of alpha and beta PABA (Adapted from Rosbottom Ef)al

Surface
Apha | Attachment| % | poouoo | Beta | Attachment| % | Surface
Polymorph Energy Saturation Interaction | Polymorph Energy Saturation Domlngnt
Faces (kcal mol?) of surface Faces (kcal mol?) of surface | Interaction
molecule molecule
H-Bond
{101} 17 93.6 {011} 105 £3.8 H-Bond
{10-1} ~10.4 66.2 H-Bond | 4549 -13.8 39.2 H-Bond
{01-1} 154 359 | PSS! 4oy | 120 465 | H-Bond

Further to this, the nucleation of the stable phase couldder@n insight into the observed

dissolution rate process. In previous \ﬁrlhe kinetics and nucleation mechanism for alpha

PABA crystallising from three solvents ethanol, acetdei and water, revealed a poly-

nuclear nucleation mechanism which was of a more progegsiature in water when

compared to ethanol. This is consistent with the foionabf a larger number of nuclei in

water solutions. This could suggest that the stable algitis population will contain a large

number of crystals with a large solidiuid interfacial surface area in comparison to the

dissolving meta-stable beta phase which will have a much emsdlid-liquid interfacial

surface area, increasingly so throughout the experi

#nshould be noted that the

experiments described in this work involved seeding compard¢ldet@revious nucleation

kinetics experiments which were spontaneously nucleated. Howédwse number

differences could be influenced by secondary nucleatieflecting the fact that these

experiments are seeded and particle attrition in the magketstirred reactor was certainly
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likely, hence the quantity of crystal nuclei and a contambly greater solid-liquid interfacial
surface area of the stable phaseld be expected. Overall a combination of these factors
supports the observation of a dissolution controlled SMPThe beta to alpha forms of

PABA.

4. Conclusions

The dissolution and growth processdshe SMPT of PABA from its beta to its alpha form
have been monitored usimgrsitu XRD over the temperature range 24°C to 30°C, utiliaing
new borosilicate capillary transmission flow-through delsigned foiin-situ diffraction and
or scattering experiments for quantitative analysis of kingarameters which govern the
phase transformation. This, in combination wiiksitu ATR UV-Vis spectroscopy methods,
to examine solution concentration, allowed determinatiorthef rate limiting processes
during the SMPTThe dissolution of the metastable beta phase was foundaadiro-order
kinetics model, whereas the growth of the stable ajgtese was found to fit a first-order
model. The calculated zero order rate constants fooldigsn of the beta phase were found
to be within the range of 6.80x10 8.17x1 wt%s! and 1.00x18 - 2.50x10" wt%s? for

the calculated growth rate constants of the alphagphas

Extrapolation of the calculated growth and dissolutite constants allowed an estimation of
the polymorphic transformation temperature of between 2228°C. Measurement of the
solution absorbance by UV/Vis spectroscopy shows a rapidmky-saturation suggestive of
a dissolution controlled process. This was explained byidenagion of the observed particle
morphology’s of the beta and alpha phase where the isotropic pariolphology of the
dissolving beta phase decreases the rate of dissotetative to the fast growth of the alpha

phase which can be linked to its more directional and aaotmorphology.
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This paper has highlighted the value of utilising a combmnadif flow cell together with in-
process XRD and spectroscopy data to provide an insight iatcetétive balance between
the dissolution and growth stages associated with thefdraretion from the beta to alpha
polymorphic forms of PABA by a SMPT process. Ultimatelye texternal particle
morphology and surface chemistry of the morphologicallyartant faces for the stable and
meta-stable polymorphs of PABA were shown to be significamntributing factors in the

overall kinetics which govern this slurry phase transéirom.

Associated Content

Supporting information is available, including construction deetd commissioning of the

new transmission cell together with reproducibility experitsen
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