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In situ non-invasive Raman spectroscopic
characterisation of succinic acid polymorphism
during segmented flow crystallisationt

Anuradha R. Pallipurath,$® Pierre-Baptiste Flandrin,® Lois E. Wayment,@*©
Chick C. Wilson®® and Karen Robertson ®§*a

The kinetically regulated automated input crystalliser for Raman spectroscopy (KRAIC-R) combines highly
controlled crystallisation environments, via tri segmented flow, with non-invasive confocal Raman spectro-
scopy. Taking advantage of the highly reproducible crystallisation environment within a segmented flow
crystalliser and the non-invasive nature of confocal spectroscopy, we are able to shine light on the nucle-
ation and growth of Raman active polymorphic materials without inducing unrepresentative crystallisation
events through our analysis technique. Using the KRAIC-R we have probed the nucleation and subsequent
growth of succinic acid. Succinic acid typically crystallises as B-SA from solution-based crystallisation al-
though some examples of a small proportion of a-SA have been reported in the B-SA product. Here we
show that a-SA and B-SA nucleate concomitantly but undergo Ostwald ripening to a predominantly -SA
product.

We present the optimisation of non-invasive Raman spectroscopy for the use in following the crystallisation profile of succinic acid. Raman spectroscopy

has been previously used to great effect in the monitoring and optimisation of flow synthesis applications but has yet to be employed in flow crystallisation

applications. The methodology presented is of great importance to the growing flow crystallisation community: both in realtime feedback control and

uncovering self-assembly mechanisms. By coupling non-invasive analytical techniques with a tri-segmented flow environment (KRAIC-R), we have con-

quered the blocking issues which have plagued in situ Raman analysis of crystallisation events to date to uncover a polymorphic progression during the
crystallisation of succinic acid in solution. The KRAIC-R is widely applicable to other Raman active crystallising (and non-crystalline) materials without the
need for a potentially contaminating influence from SERS substrates. As Raman is sensitive to changes in molecular interactions, organic and organometal-
lic systems can be followed throughout the self-assembly process. Using the integrated KRAIC-R, control over the self-assembling material can be exacted si-
multaneously with online analysis which does not affect the assembly process. Current design constraints regarding triggering data capture with passing

slugs and permeation through reactor walls is highlighted and will be investigated further.

Introduction

The surge of progress in the past 10 years towards continuous
crystallisation both in academic and industrial laboratories has
been fuelled by the benefits of continuous technologies." It sig-
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nificantly reduces the reactor space requirements and the car-
bon footprint of the process whilst offering a higher degree of
control over the process, than traditional batch alternatives.”
This control enables us to further our understanding of
crystallisation in environments which simultaneously are rep-
resentative of industrial processing and minimise the effect of
uncontrollable changes prevalent in small scale screening.’
Continuous processing is heavily researched in the context
of the pharmaceutical industry,” however new methods of
process analytical technology (PAT) must be employed due to
the challenges of compatibility and timescales which flow en-
vironments can present. PAT can enable an understanding of
what is happening during a process, it also allows direct feed-
back control to either account for potential process variabil-
ity, inconsistencies in feedstock or facilitate high throughput
design of experiments (DOE) optimisation. Traditional
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invasive PAT, where a probe is inserted into a crystalliser,’
can cause complications in both the fluid dynamics and
crystallisation profile in continuous or flow crystallisation en-
vironments - e.g. the size of an immersion probe induces
unwanted influence on the flow profile of the crystalliser and
is prone to causing nucleation and growth on the probe.°®
This alters the crystallisation profile, has a deleterious effect
on the ability of the probe to representatively sample the
crystallisation environment and ultimately leads to blockage
and failure of the crystalliser.

In order to address these issues, non-invasive analytical
techniques have been developed. Most notably, Raman
spectroscopy, and in particular surface enhanced Raman
spectroscopy (SERS), has been used to great effect in micro-
fluidic environments as an analytical probe for solute concen-
tration determination.” By employing segmented flow with
nanoparticles either pre-prepared®'® or synthesised in
flow,""'* the detection limit of the Raman can be greatly en-
hanced whilst the use of segmented flow simultaneously en-
sures there is no poisoning of the SERS substrate and pro-
vides plug flow."® This however requires the introduction of
nanoparticles that can greatly affect a crystallising system.
For this reason, analysis of crystallising solutions is not com-
patible with SERS.

Due to the complications of integrating Raman into
crystallisation environments, previously published examples
of exploring crystallisation processes through Raman spectro-
scopy have either used microscopy in static environments'**°
or immersion probes in batch,*’”™*° mixed suspension mixed
product removal (MSMPR)® and hot melt extrusion (HME)>’
environments.

The authors have shown how a segmented flow kinetically
regulated automated input crystalliser (KRAIC) can control
the crystallisation of the excipient and food additive succinic
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acid (SA).>' SA is polymorphic and ordinarily observed as
pure [(-SA from solution-based crystallisation. Upon
crystallisation within the KRAIC, some o-SA is present in the
final product as observed through offline powder X-ray dif-
fraction (PXRD). Only two other known examples of o-SA
crystallising in solution environments are known - spray dry-
ing®® and in p-capillaries of hydrophobic and hydrophilic,
fluoroethylene propylene FEP'® - but the mechanism of this
crystallisation is not yet understood.

Here we present for the first time, non-invasive Raman
spectroscopic analysis of a crystallising system, using the
benefits of segmented flow. We validate a SERS-free flow en-
vironment method through detection of alternating slurries
of paracetamol (PCM) forms I and II and SA o and B. This
method is then employed in a segmented flow crystalliser
with isolation box fixtures at two points to monitor the
crystallisation pathway of SA by confocal Raman spectro-
scopy, the kinetically regulated automated input crystalliser
for Raman spectroscopy (KRAIC-R). Previous studies
highlighted that solids were consistently observed at a spe-
cific reactor length (7 m) under the crystallisation conditions
employed here. By probing shortly prior to this noted length
(5 m) and near the end of the reactor (15 m), we can reliably
follow the initial nucleation (R1) and subsequent growth (R2)
of the crystals. By this method we evaluate whether the ratio
between o- and B-SA changes over the crystalliser length, pro-
viding insight into the relationship between the polymorphs
nucleation and crystal growth periods.

Experimental

Materials

Paracetamol (PCM) form I, B-succinic acid (B-SA) (99%),
cyclohexane and isopropyl alcohol (IPA) were purchased from
Sigma-Aldrich® and wused without further purification.
Perfluoropolyether (PFPE, GALDEN SV110) was sourced from
Solvay.

Crystallisation of polymorphs

PCM 1I was prepared by crystallisation in the continuous oscil-
latory baffle crystalliser (COBC) as previously published in the
group.’” o-SA was prepared by melting of B-SA at 190 °C and
confirmed by powder X-ray diffraction (PXRD), see Fig. S3.f

Slurry preparation and set-up

Slurries for PCM FI (30 g 1), PCM FII (30 g 1), 0-SA (200 g
1I™") and B-SA (200 g 1") were prepared in distilled water at
room temperature to achieve high density of solids in the sus-
pension. These slurries were used for initial testing and opti-
misation of the set-up. The slurry testing set-up comprised a
cross-piece (3 mm, ID) - for segmentation of the slurry flow
(3.4 ml min™) by air (4.1 ml min™") and a perfluoropolyether
carrier fluid (PFPE, 2.1 ml min™") - and a fluoroethylene
propylene (FEP) tubing (1 m, 1/8” ID). At 0.7 m length of the
FEP tubing, an isolation box composed of laser board housed
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the confocal Raman probe to minimise light interference and
provide a flexible analytical environment.

Continual delivery of all three phases was employed for
single slurry delivery experiments using a low pulsation peri-
staltic pump (SF-10, Vapourtec) for slurry delivery and gear
pumps (Ismatec Reglo ICC) for air and carrier fluid. Alternat-
ing slurry deliveries were achieved through the addition of a
t-piece placed 1 cm after the cross-piece for the second slurry
addition port. Due to the needle like habit of a-SA and the
potential for B-SA to convert into o-SA upon grinding through
the peristaltic pump, succinic acid slurries were delivered
using syringes and hand agitation.

In situ crystallisation of SA in the KRAIC-R

Succinic acid (1.01 M solution in water) was crystallised in a
KRAIC set-up, under segmented flow conditions with a
cooling gradient of 40-20 °C over the 15 m length of the FEP
tubing (1/8" ID) as described in our previous work.>® Flow
rates and pump types employed are the same as those quoted
in the slurry delivery section. The full residence time (RT)
from the KRAIC-R is 12 min 34 s, Raman spectra are col-
lected from the end of coil 1 (R1, 5 m, 4 min 12 s RT) and
coil 3 (R2, 15 m, 12 min 0 s RT). Fig. 1a shows the schematic
of the KRAIC set-up, and Fig. 1b shows the backscattering
mode of the Raman data collection from the reactor at point
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R1 and R2. The cooling crystallisation of SA was run for a to-
tal of 20 min.

Raman spectroscopy
Data collection

Raman spectra were collected using a 785 nm laser (400 mW
power at source, 250 mW at sample) and KAISER RXN1
spectrometer with a fibre-optic set-up attached to an objective
lens of 10x magnification. The fibre-glass probe is 3 m long,
and is fitted with a filter to cut off the 1064 cm™ band aris-
ing from glass. Best results were achieved with a working dis-
tance (WD) of 0.3” from the tubing, in the range of 100-3400
cm ™, with a resolution of 4 cm™. Four scans were integrated
and acquisition times of 15 s per scan and 500 ms for in situ
crystallisation experiments, at points R1 and R2 respectively,
and 250 ms for solid samples were used. The optimal WD
was adjusted such that the FEP reactor tubing initially gives
the highest Raman intensity. The WD is then reduced to
move the focus from the top of the reactor to the middle of
the tubing, facilitated by filling the tubing with cyclohexane.
The presence of two holographic filters at 840 cm™ and 2000
em ™ results in discontinuity in the spectra in these regions
and is highlighted during the analysis.

An isolation box was used to exclude stray light and con-
tain the region of interest along the tubing. Cosmic ray exclu-
sion methods were not employed due to significantly
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(@) Schematic of the kinetically regulated automated input crystalliser for Raman spectroscopy (KRAIC-R) flow set-up, where time

dependent Raman spectra were collected from points labelled R1 and R2 (b) schematic of tri-segmented flow with the Raman scattering collected
from the different segments. (c) The Raman set-up for slurry testing with the fibre-optic probe attached with an objective (10x), inside an isolation
chamber through which the FEP reactor is introduced into the isolation box.
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increased data collection times. Initial dark scans are col-
lected for the same measurement set-up as the actual scans
to calibrate the detector. HoOloGRAMS software v4.1 (Kaiser
Optical Systems Inc.) was used to acquire data and to carry
out dark current corrections for all spectra collected prior to
further processing.

Data processing

Data processing was carried out using a modified version of
the ‘Mayapy’ python code published elsewhere.>* Processing
was carried out in three steps as follows:

Step 1 - Spectra are smoothed with a 21-point triangle fil-
ter to improve the signal/noise (S/N) ratio.

Step 2 - The smoothed spectra can then be subjected to
three different post-processing steps, either for the entire
range of the spectrum or for the desired wavenumber range
to enhance the S/N ratio of the peaks. The three processes
are:

Scale_individual. Each spectra in the time-dependent data
collection is treated individually. Every data point (intensity)
in a spectrum is subtracted by the lowest intensity in the spec-
trum and divided by the difference in the maximum and min-
imum intensity in the spectrum. This is to ensure any disrup-
tion to flow or slight change in working distance of the probe
did not cause misleading intensity changes of the spectra.

Isi = % )

Spectra can also be scaled relative to each other using the
‘scale_all’ algorithm. See ESIt for more details.

Background_subtraction. The correction for dark current
is carried out by the software as mentioned above. This treat-
ment refers to the subtraction of the middle of the FEP reac-
tor tubing spectra from the time resolved Raman spectra to
remove the high intensity bands and enhance the intensity of
the Raman scattering from the material flowing through the
reactor. The background spectra undergoes the same treat-
ment in step 1 and 2 before being used for the subtraction,
to make sure that the intensities are comparable between the
different spectra being processed. This however on occasions
leads to negative intensities in the regions where FEP scatters
most strongly.

IBS = Isolution - IFEP (2)

The effect of ‘scale_individual’ and ‘scale_all’ on the spec-
tra can be seen in Fig. S1 in the ESL}

Step 3 - 2D time-dependent spectra were plotted with a
500 point interpolation. To obtain the best results that repre-
sent the change in the Raman features the intensity of the
scaled spectra was allowed to be ‘clipped’ at a certain value,
in cases where background subtraction was not employed.
Another method employed is the use of a linear or logarith-

This journal is © The Royal Society of Chemistry 2020
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mic colour scale to allow for distinction between low inten-
sity bands.

To analyse the peak positions, the peak analyser algorithm
in Origin Pro 9 v2019b (OriginLab®) was used.

Results and discussion

To optimise the implementation of non-invasive Raman
spectroscopy into a tri-segmented flow crystallisation set-up,
pre-prepared high density slurries of the polymorphs of PCM
and SA were initially investigated in a short reactor set-up.
Scheme 1 shows the molecular structures of the materials of
interest and the FEP tubing used as the reactor body. Raman
spectra of the solids were collected for reference (Fig. 2) and
a full set of tentative assignments can be found in the ESIf
(Tables S1-S3). As can be seen from Fig. 2a, the introduction
of cyclohexane into the reactor (for WD positioning) results
in a large fluorescence background, however, the major peaks
can still be identified as that of FEP (denoted by the dotted
lines). The FEP peaks denoted by * are absent in the spectra
with cyclohexane flowing through the reactor, however, they
are occasionally present in the aqueous-based flow experi-
ments presented hereafter.

Both PCM and SA have several peaks in the region of 500-
1800 cm™' that enable differentiation between the poly-
morphs in the solid state. While the C-H region (2800-3200
cm ™) does have subtle differences in the solid state for both
PCM and SA, the peaks arising from FEP in the segmented
flow set-up masks this region. It is noted that, the Raman
scattering intensities of the analytes are weakened due to the
increased fluorescence background as compared to the spec-
tra from static solid-state samples.

Fig. 3 shows time-dependent Raman spectra from pre-
prepared high density slurries of PCM FI followed by PCM
FIIL Initial data analysis used the ‘scale_all’ algorithm, which
highlighted any inconsistencies in flow events but proved in-
compatible for polymorphic analysis. A full discussion of this
is available in the ESLf

More specific information about the polymorphic nature
of the slurry can be obtained by scaling the spectra

O—
O—

o T

..... C_C —— p— essse
[ [ ]
F F In F CF3Jm

Scheme 1 Molecular structures of (a) succinic acid (SA), (b)
paracetamol (PCM), (c) the reactor tubing material - fluorinated
ethylene propylene (FEP).
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Fig. 2 Raman spectra of (a) empty FEP tubing and tubing with
cyclohexane. The dotted lines represent peaks belonging to FEP and
the * denote FEP peaks that are absent on pumping cyclohexane
through it. * denotes peaks associated with cyclohexane, (b)
polymorphs of paracetamol in the solid-state, (c) polymorphs of
succinic acid in the solid-state. Peaks unique to the specific polymorph
in (b) and (c) are denoted by * and coloured based on the legend.

individually in the region of interest and with the back-
ground comprising FEP subtracted from the spectra.
Fig. 3a and c were obtained by treating the spectra using the
‘scale_individual’ algorithm in the regions of interest
followed by the ‘background_subtraction’ algorithm. This
method has been used for all other polymorphic investiga-
tions presented herein.

Whilst there are several peaks that distinguish between
forms I and II for PCM, the most discernible amidst the FEP
bands in solution are peaks at 1237 em™* for PCM FI and
1248 cm™ for PCM FII arising from the C-O amide III band
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and the amide I C=O stretching between 1610 cm™ and
1650 cm ™" as previously observed in the literature.>®>° To en-
sure that identification of polymorphs in flow environments
was possible, PCM FI and FII were alternately injected into
the segmentation set-up, this is reflected in the time resolved
spectra shown in Fig. 3 (representative 1D plots are presented
in the ESLf Fig. S4).

Single streams of o-SA and B-SA slurries were also
analysed. a-SA and B-SA have very similar crystal structures
and hence very similar vibrational features. In addition to
subtle differences in peak positions, a-SA has extra peaks at
628 cm™, 814 cm™* and 1020 cm™* that are absent in B-SA,
corresponding to different C-O and O-H H-bonded interac-
tions (ESIf Table S2). Initial Raman analysis of the a-SA
slurry confirmed the presence of o-SA in the tri-segmented
flow environment. Extended analysis at 0.7 m crystalliser
length however uncovers conversion of a-SA to B-SA as a fac-
tor of run time. Fig. 4 shows the time-resolved Raman spectra
from three regions: 500-700 em™', 780-1120 cm ™' and 1400~
1850 cm . The conversion is most apparent in the regions of
780-1120 cm™* and 1400-1850 cm™'. The conversion of the
o-SA prepared slurry is presumed due to the higher stability
of B-SA in aqueous solutions. This crystallisation of small
amounts of a-SA have previously been observed during spray
drying and crystallisation in static FEP tubing.">>

Analysis of a -SA slurry in a tri-segmented flow environ-
ment confirmed the presence of pure B-SA throughout the
analysis period (see ESIf Fig. S2).

The white box in Fig. 4e highlights a peak from both solid
forms that is absent in the slurry sample. This is a result of
the background subtraction that removes FEP peaks in that
region of the spectrum. During peak assignment in the
slurry, it was observed that the monomeric C-O present in
the solid phase for a-SA at 931, 940, 1014 and 1088 cm ',
shifted to lower wavenumbers (827, 894, 992 cm ™), showing
a C-O H-bonding interaction with water. Similarly, for f-SA
experiments, the C-O monomeric stretching was found to
have shifted to lower wavenumbers (from 963, 983, 1035 and
1086 cm™" to 830, 857, 895, 927 and 939 cm ™).

Crystallisation of succinic acid in the KRAIC-R

In previous publications of crystallisations in the KRAIC,**’

we noted the production of unexpected polymorphs from
aqueous-based crystallisation. In the case of pyrazinamide
(PYZ), pure y-PYZ was produced unless blockages were en-
countered during crystallisation, in which case the expected
a-PYZ was also obtained.>” In SA crystallisation, small impu-
rities of a-SA were found present in the expected -SA prod-
uct.> We have hypothesised that the absence of a liquid-
solid boundary (due to the tri-segmented flow environment)
during nucleation has resulted in this unusual polymor-
phism, although recent results from Simone et al. show that
a small amount of o-SA can form from solution-based
crystallisation within FEP tubing (both hydrophilic and hy-
drophobic) without a carrier fluid barrier."

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Time-dependent Raman spectra collected from alternating pre-prepared high density slurries of PCM Fl and Fll (injection point identifica-
tions highlighted on spectra). (a) 1200-1300 cm™ regions of Raman spectra scaled individually, (b) corresponding 1D spectrum, (c) 1550-1850 cm™
region of the Raman spectra scaled individually, (d) corresponding 1D spectrum.

In order to investigate whether preferential crystallisation
of B-SA is instigated from the nucleation phase or whether a
conversion occurs during the growth phase, time-dependent
Raman spectra were collected from points R1 and R2 (5 m
and 15 m) in the KRAIC-R during a cooling crystallisation ex-
periment. Previous studies highlighted that solids were con-
sistently observed from 7 m reactor length under these
crystallisation conditions; nuclei can therefore be expected to
form around 5 m whilst 15 m represents full growth in this
system.

As detailed in Table 1, data collection was taken from 3-
10 min crystallisation time at point of analysis for R1 and
3-8 min for R2 (7-14 min and 15-20 min respectively in ex-
periment time, taken from RT = 0). N.B. these sampling
times mean we that we could have followed the
crystallisation of the same set of solution slugs over the
course of their crystallisation profile by analysing them at
two different lengths scales and corresponding time points.
A detailed analysis of the regions between 500-700 cm™,
780-1120 cm™* and 1400-1800 cm ™ (Fig. 5) reveals an inter-
esting mechanism. Forms o and  have very similar features

This journal is © The Royal Society of Chemistry 2020

in the region of 500-700 cm™ (Fig. 5(a-c)), but comparing
peaks in the region of 780-1120 cm™ (Fig. 5(d-f)), at R1 and
R2 shows a continuous presence of peaks from both o-SA
and B-SA during all stages of crystallisation. In spectra
analysed from R1, a high proportion of o-SA can be
discerned throughout the entire analysis time. Analysis of
the spectra obtained at R2 however shows a decrease in the
proportion of a-SA observed, with respect to -SA, over the
duration of the crystallisation run.

In the early crystallisation period after priming, a dilution
effect from laminar flow within the feed tube (upon changing
from priming to feed solution, initial 70 s analysis time) is in
effect. The reduced concentration of SA effected by this dilu-
tion in the early stages of the experiment will therefore result
in crystallisation farther along the crystalliser length. At R2
we observe the presence of both a-SA and B-SA, whose inten-
sities both increase with time (Fig. 5(b), (e) and (h)). Peaks
from a-SA can be found in high proportion between 0-50 s
(analysis time) interval, along with B-SA. Between 150-200 s,
the Raman intensities are predominantly from B-SA although
some o-SA can be discerned, as shown in Fig. 5.

Mol. Syst. Des. Eng., 2020, 5, 294-303 | 299


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9me00103d

Open Access Article. Published on 18 October 2019. Downloaded on 10/29/2025 8:36:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

1400
1200

1000

ts]

800

tls]

600

550 600 650 800 900
Wavenumbers cm!

s (b) |—— Beta SA - solid - (d) Iﬁ

Normalised Raman Intensity (Arb. Units)

Wavenumbers cm!

View Article Online

MSDE

tls]

1000 1100 1500 1600 1700 1800
Wavenumbers cm!

e i i
Beta SA - solid| 13 (f) Beta SA - solid

evemnn st

Wavenumbers (cm')

Wavenumbers (cm ')

07 T T T T
1400 1500 1600 1700 1800

Wavenumbers (cm ')

Fig. 4 Time-dependent Raman spectra collected from pre-prepared high density slurry of succinic acid form a. In the region of (a) 500-700 cm™,
(b) corresponding 1D spectrum (c) 780-1120 cm™, (d) corresponding 1D spectrum (e) 1400-1850 cm™, (f) corresponding 1D spectrum. The regions
of interest were scaled individually, to enhance the Raman peaks from the solids flowing through.

Minor contributions from form o can be discerned in the
spectra from 150 s analysis time but only as a consequence
of multiple C-O---O interactions that are very similar in both
0-SA and B-SA. Powder X-ray diffraction data (Fig. S3, ESIY)
confirms the presence of very small amounts of o-SA
remaining in the final sample collected. This change in
0-SA: B-SA, both due to dilution and between the early nucle-
ation stage (R1) and late growth (R2), suggests that both
forms nucleate concomitantly but, as observed in the case of
pre-prepared slurries, a-SA subsequently undergoes ‘Ostwald
ripening’ and converts to -SA.

Discussion of Raman monitoring

To understand the time-resolved Raman spectra, it is impera-
tive to understand the flow conditions of the segmented flow
reactor. Segmentation of water and air in the carrier fluid via
the 3 mm ID cross-piece resulted in slugs that were 1.8 cm
long. Under the described flow conditions the frequency of

Table 1 Crystallisation parameters at analysis points R1 and R2

R1 R2
Length (m) 5 15
RT (min) 4.2 12
Analysis time (min) 0-7 0-5
Crystallisation time (min) 3-10 3-8
Experiment time (min) 7-14 15-20
Exposure time (s) 15 0.5
No. integrations 4 4
Delay (s) 0 2
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slugs passing under the Raman probe was ~18 slugs per
min. Using a solvent with a lower surface tension, such as
isopropanol, or alternative segmentation piece with narrower
internal dimensions, will result in slug sizes that are signifi-
cantly shorter.

Several data collection strategies were investigated includ-
ing varying number of scans and integration times. A scan of
30 s with one acquisition resulted in a saturated detector,
while 15 s exposures with four integrated scans gave the best
results for low intensity spectra from R1 and 500 ms expo-
sures with four integrated scans gave the best results from
the relatively high intensity spectra from R2. This discrepancy
of spectra intensity obtained between R1 and R2 is directly
attributable to the amount of crystallisation at each analysis
point. Each integrated scan collects data from roughly four
slugs, two of the solution and two of air. Due to the steady-
state nature of flow crystallisation, this relatively lengthy ac-
quisition time with respect to that achieved in SERS applica-
tions is not a significant drawback. Although for high-
throughput applications, further optimisation of the acquisi-
tion time would be necessary. The initial lower intensity of
the Raman peaks observed at R2 can be attributed to the di-
lution effect previously discussed, while the perceived gaps in
Fig. 5e, from lower Raman intensity can be attributed to the
several eventualities: a) the observed rate of crystallisation
might not be uniform in every solution segment; b) the
eddies that result in the tumbling of the crystals at the end
of the every slug, may force the crystals out of focus (i.e. not
in the middle of the tube), whilst passing under the probe or
c) the scan rate results in non-uniform collection of solution

This journal is © The Royal Society of Chemistry 2020
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correction.

slugs. This final point can be explained through a scan rate
of 4 s per data collection of slugs moving at 18 slugs per min
under the probe, the data acquisition time resulting probing
0.6 slugs every measurement; random fluctuations in either
data acquisition start point or air and solution slug length
could lead to most of the data collection during the low
intensity regime, being collected from air slugs, while only
catching small (low crystal slurry density portions) of a solu-
tion slug.

Future avenues for opportunity would be to employ spa-
tially offset Raman spectroscopy (SORS),>® which would allow
spectra to be obtained without the masking effect of the reac-
tor wall, as well as synchronising the flow and the data collec-
tion regimes.

Conclusion

We have developed a non-invasive, online monitoring system
for tracking polymorphic changes occurring in segmented
flow crystallisation using Raman spectroscopy. This method

This journal is © The Royal Society of Chemistry 2020

has been validated through both slurry flow (PCM and SA)
and cooling crystallisation (SA) operation.

Using several post-processing methods we can track re-
gions of high and low Raman intensity thereby tracking the
flow of slugs and identify inconsistencies in flow and
crystallisation conditions. By processing selective regions of
the Raman spectra we can follow polymorphic transforma-
tions occurring during crystallisation.

During Raman analysis of delivery of a pre-prepared o-SA
slurry, a polymorphic transformation from o-SA to B-A was
found to occur over time.

In a cooling crystallisation experiment, a- and B-SA were
found to nucleate concomitantly during the initial stages of
crystallisation. The metastable form, o, was then found to par-
tially transform to B-SA along the reactor length. The final col-
lected product was shown to be predominantly 3-SA with a mi-
nor fraction of a-SA, as confirmed by powder X-ray diffraction.
Due to the nature of flow crystallisation, we were able to follow
the crystallisation of the same crystals in a highly controlled
environment at different points of their crystallisation profile.
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The methodology presented here for non-invasive Raman
spectroscopic analysis of an actively crystallising material in
flow environments, presents an opportunity to uncover the
crystallisation profile of a wide range of crystalline material
from the nucleation stage through crystal growth. The inte-
gration of Raman spectroscopy into flow crystallisation appa-
ratus enables rigorous analysis of crystallisation events in a
highly reproducible environment, simultaneously representa-
tive of industrial processing and accessible at academic lab
scale.
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