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1. Crystal growth kinetics of polymorphic systems

Table S1 reports a summary of polymorphic systems for which crystal growth kinetics in pure

solvents have been measured previously. Although this list is most likely incomplete, it reflects the

scarcity of available data regarding crystal growth kinetics of polymorphs.

The table reports the type of experimental measurement (single crystal vs. batch reactor), the

dimensions that were measured during the experiments, a qualitative comparison of the polymorphs’

growth rates and a comment indicating if concomitant polymorphism has been observed for the

polymorphs in question. The conclusions about which polymorph grows faster are based on

observations made by the original authors of each cited work. Because sometimes growth rates were

compared in terms of relative driving force only (supersaturation), an additional comment was added

if comparison of the original data against solution concentration results in a different conclusion.

Table S1. Polymorphic systems with kinetic data in literature.

to solution concentration

Compound Crystal forms Growth rate Dimension(s) measured in | Conclusions from original work Concomitant
Experiments® experiments Polymorphs?
Stearic acid'? C (metastable <32 °C) | SC (110) facet B faster Yes, in hexane
B (stable <32 °C) at high
supersaturation
Cimetidine’ A (metastable) BR Mass of crystals A faster relative to supersaturation; | -
B (stable) B faster relative to concentration
L-histidine* A (stable) BR Mass of crystals B grows faster relative to Yes
B (metastable) supersaturation; same growth rates
relative to concentration
o-aminobenzoic I (stable) SC Diagonal of area-equivalent | II faster at high supersaturation (S Yes
acid® II (metastable) square > 1.3); I faster at low S.
p-aminobenzoic a (stable) SC Length, Width B significantly slower than o -
acid® B (metastable)
Gestodene’ I (metastable < 18.5 | SC Diagonal of area-equivalent | Variable depending on Yes
°C) square supersaturation and temperature
II (stable < 18.5 °C)
Piracetam®? II (metastable) SC Length, Width (SC) II faster relative to supersaturation; | Reported in n-
111 (stable) BR FBRM chord length (BR) *[11 faster relative to concentration | propanol'
Aripiprazole!'! III (metastable) SC Length, Width Similar growth rates relative to Yes
V (stable) supersaturation; *V faster relative

aSC = Single Crystal, BR = Batch Reactor, *Not reported in original work, estimated in this work from original data




2. Crystal structures of TFA-I, TFA-II and TFA-IX

All three polymorphs of TFA considered in this work crystallise in monoclinic crystal lattices with

parameters as shown in Table S2 and their crystal packings are shown in Figure S1

Table S2. Crystallographic parameters of TFA-I, TFA-II and TFA-IX

Form CSD Space Z a(A) b (A) c(A) B (°)
refcode group

TFA-I | KAXXAIOL | P2//c 4 4.826(2) 32.128(11) | 8.041(4) 104.88(3)

TFA-II | KAXXAI | P2/n 4 3.836(2) 21.997(5) | 14.205(7) 94.11(4)

TFA-IX | KAXXAIlL | P2/ 4 10.5841(11) | 7.8503(6) | 14.9718(13) | 101.399(9)

Figure S1. Crystal packing of (a) TFA-I, (b) TFA-II and (¢) TFA-IX. Unit cell axes are not drawn in scale.



3. Crystal morphology of TFA-I, TFA-II and TFA-IX

The crystal morphologies of TFA-I and TFA-IX were indexed from single-crystal X-ray diffraction
data. The facet displayed by the experimental morphology of TFA-I matched the indices of the
morphology calculated with the BEDH method.!? Given the similarity between the crystal structures
of TFA-I and TFA-II and the facet indices of their predicted morphologies, the indices of TFA-II
were assigned by comparison with TFA-I. The BFDH, attachment energy morphologies and
experimental morphologies of TFA-I, TFA-II and TFA-IX are shown in Figures S2,S4 and S5,
respectively. For TFA-IX there was a considerable difference between the experimental
morphologies and the BFDH morphology. The latter is thus not shown. Figures S3 and S6 show the
indexed experimental morphologies of TFA-I and TFA-IX, respectively.

For TFA-IX, two experimental morphologies were found in the same batch. Crystals displaying the
{211} facets (experimental morphology 1) were only a few, and only crystal seeds with the simpler
experimental morphology 1 were used for the experiments presented in this work, although the other

experimental morphology is reported here for completeness.
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Figure S2. (a) BDFH (b) implicit IPA attachment energy and (c) experimental morphologies of TFA-I.



Figure S3. Indexed morphology of TFA-I
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Figure S4. (a) BDFH and (b) implicit IPA attachment energy of TFA-II.
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Figure S5. Experimental (a and b) and implicit [PA attachment energy (c) morphologies of TFA-IX.



Figure S6. Indexed morphologies of TFA-IX

4. Calculation of DFT-d attachment energies

Periodic dispersion-corrected DFT was used to calculate attachment energies for relevant families of
{hkl} planes as the difference between the lattice energy and a slice of thickness d;;. All calculations

were performed using VASP 5.4.413-16 with the PBE functional'” and PAW!#1 pseudopotentials.

First, the experimental CSD?? crystal structures KAXXAIO1 (form I), KAXXAI (form II) and
KAXXAIl1 (form IX) were optimised with tight convergence settings (EDIFF 10-%) using the
Tkatchenko-Scheffler (TS) dispersion correction,?! allowing the relaxation of both unit cell
parameters and atomic positions. Single-point energy calculations were performed on the optimised
structures using the many-body dispersion correction (MBD)?*?>%3 and divided by the number of
molecules in the unit cell, Z, to obtain the electronic energy of a molecule in the crystal (Eys). The
lattice energy was then calculated as the difference between the energy of the molecule in the bulk
crystal and the energy of an isolated gas-phase molecule (Eja = Ecrys - Emot,gas), Which was obtained
by calculating the single-point MBD energy of a TFA molecule (Epn ) after optimisation in a
vacuum supercell of 30 A x 30 A x 30 A.



Slabs parallel to the 4kl facets of interest and having thickness d;;; were generated from the optimised
crystal structures and separated by vacuum slabs of about 40 A to generate periodic supercells, for
which the single-point MBD-corrected electronic energy was calculated. The energy of a molecule
in the slice (Egjicenx) Was obtained by dividing the total slab electronic energy by the number of
molecules in the slab and subtracting the energy of the gas-phase isolated molecule. Finally, the

attachment energies were calculated as the difference between the lattice energy and the slice energy:

E it qnkty = Eraee = Estice ity (S1)

The effect of solvent (IPA) on the attachment energies was implicitly simulated by including the
presence of a dielectric continuum using the VASPsol?4?> module. The solvent can be specified by
defining its dielectric constant ¢; for this work, the values of & were taken from the Gaussian®® web

page http://gaussian.com/scrf/.

In the case of TFA-I and TFA-II, the BFDH morphologies were generated using the CCDC software
Mercury?” to identify lists of morphologically relevant facets, and the attachment energies of the latter
were calculated. In the case of TFA-IX, the calculated BFDH morphology and the experimental
indexed morphology differed substantially, and therefore only the attachment energies for the facets
appearing in the experimental morphologies were calculated. The calculated attachment energies
were used to generate the corresponding crystal morphologies using the Wulff construction.?® Table
S3 reports the calculated attachment energies, together with the total morphological importance (i.e.,

the fraction of total surface) of the corresponding family of {hkl} facets.

Table S3. Calculated attachment energies for relevant crystal facets of TFA polymorphs.

Vacuum IPA
(=1 (e=19.3)
Form Planes M« dua/ A Growth Eaet, iy / M. L.b E.aet, iy / M. L
direction kJmol! kJmol!
TFA-I {020} 2 16.09 T -19.6 0.57 -19.1 0.57
{011} 4 7.57 W -44.1 0.28 -42.0 0.28
{100} 2 4.55 L -77.3 0.15 -76.2 0.13
{110} 4 4.50 L -98.3 0 -89.6 0.02
{11-1} 4 4.39 L -102.2 0 -93.0 0
TFA-II {020} 2 10.95 T -21.2 0.39 -19.3 0.40
{011} 4 11.94 w -28.6 0.48 -26.9 0.47
{10-1} 2 3.68 L -80.6 0.12 -81.9 0.11
{110} 4 3.68 L -88.1 0.01 -88.5 0.02
{11-1} 4 3.63 L -103.9 0 -97.4 0




{100} 2 3.84 L -124.8 0 -110.5 0
{101} 2 3.55 L -129.7 0 -114.1 0
TFA-IX | {10-1} 2 9.14 - -34.3 0.36 -34.4 0.33
{001} 2 14.54 - -50.6 0.32 -41.5 0.36
{11-1} 4 5.92 - -61.1 0.32 -59.8 0.31
{211} 4 3.90 - -100.2 0.00 -84.2 0.00

“ facet multiplicity; ® morphological importance

Regardless of the known limitations of the attachment energy model, according to which growth rates
are directly proportional to calculated attachment energies and which does not consider the effect of
different growth mechanisms or of the growth environment, there is a fairly good agreement between
experimental and predicted growth rates of TFA if these are compared qualitatively. In the case of
TFA-IX, the calculated attachment energies of all facets have intermediate values between the
attachment energies of the facets growing in the L direction of TFA-I and TFA-II and those growing
in the W direction. In addition, the relative order of the predicted growth rates of TFA-IX follows
that of its experimental perpendicular facet growth rates (see Figure S24). For TFA-I and TFA-II, the
predicted growth rates are faster for the facets growing in the L direction than those in the W direction,
although their relative dimension is heavily underestimated compared to our measured values. Since
the attachment energy model assumes layer-by-layer growth of crystal facets this is not surprising

given the peculiar growth mechanism we observed for these needle crystals (see main text).
5. Crystal growth rates of TFA polymorphs from single-crystal data

5.1. Measurement of linear growth rates in stagnant growth cell

Linear growth rates of single-crystal seeds were measured in a stagnant growth cell?® where crystals
are placed inside a cuvette filled with solution of known concentration. The growth of the crystal
seeds is monitored by recording images of the growing crystals at set intervals of time (varying
between 6 to 20 seconds between frames for this work). In this technique, the solution supersaturation
is assumed constant and only slightly affected by the growth of the crystal seed for the whole duration
of the experiments. This was verified by estimating the change in supersaturation over the course of
120 minutes (typical duration of our experiments) for the TFA polymorphs using their mass growth
rates, converted from volume growth rates using the crystal’s density. Over 120 minutes, a
supersaturation decrease of only 0.5% was calculated using the highest overall volume growth rate
(TFA-IX, 0=0.3, see Section 5.12). Another assumption is that the increase in supersaturation due to

the dissolution of crystal seeds before the experiment is small, as verified in a previous work.°



The needle crystals of TFA-I and TFA-II were positioned in the growth cell so that they would sit on
the dominant {020} faces. Their linear growth rates were estimated by considering the time-
dependent change of the length (L) and width (W) dimensions of each crystal, which for both
polymorphs correspond to the directions parallel to the crystallographic a ([ 100] direction) and ¢ axes
([001] direction), respectively. All images were processed in MATLAB and the relevant crystal
dimensions were extracted by calculating the minimum area bounding box3° (Figure S7) of each
crystal object after pre-processing (conversion to grey-scale image and conversion to binary image).
The linear growth rates were then calculated as the slope of the best-fit line for the relevant dimension

vs. time data (Figure S7).
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Figure S7. The length and with dimensions of needle crystals were measured from collected images by constructing a

minimum area bounding box in MATLAB (left). The slope of the length vs. time data yields linear growth rates (right).

For TFA-IX crystal seeds were measured in two different orientations (Figure S8). In orientation A,
the crystal seeds were positioned on their {001} facets, while they were positioned on the {10-1}
facets in orientation B. Linear growth rates for specific crystal facets were obtained by measuring the
corresponding centroid-edge distances using a method developed in our group (Figure S9).3! In
orientation A, the edges of the two {10-1} facets and those of the four {11-1} facets were measured.
In orientation B, the edges of the two {001} facets and the edges corresponding to the common growth
front of the {11-1} facets were measured. The measured centroid-edge distances for TFA-IX were
converted into perpendicular facet distances to calculate facet-specific growth rates and to model the
morphology of the TFA-IX crystals during growth. The corrections applied to the centroid-facet

distances are discussed in Section 5.4.
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orientation A

orientation B

2 {001} edges {101} | {001}

2 {11-1} edges

Figure S8. The two orientations in which the crystal seeds of TFA-IX were measured. The crystal facet indices were
assigned from the images (left and middle), and the distance of the corresponding edges (/;, not all are shown in the
figure) from the crystal centroid (C’) were measured. 18 crystal seeds with orientation A and 5 with orientation B were

measured.

Figure S9. (Left) a greyscale image of a crystal of TFA-IX collected during experiments. (Right) The same image after

binarization, edge detection and measurement.

With the exception for the W direction in the needle-crystals of TFA-I and TFA-II, the measured
distance vs. time data showed a good linearity over the whole duration of experiments (Figure S11
and Figure S12) for all of the crystal seeds measured. In the case of the W dimension of both TFA-I
and TFA-II, the fits were often poor. This was an effect of the small growth rates for this direction
for both polymorphs: the change of the W dimension between consecutive image frames was often
smaller than one pixel (0.86 um), causing inconsistencies in the detection of the boundaries of the
crystal object during image processing. For TFA-I three experiments resulted in negative correlation
coefficients for the W dimension vs. time data (Figure S10), although no actual dissolution of the
crystals for this direction was observed. We believe that manual measurement of the same dimension
would result in analogous oscillations. In this case, the growth rate of the W dimension was set to

zero, although its error was calculated normally.
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Figure S10. Oscillation of the W dimension for a crystal seed of TFA-I. The oscillations are due to limitations of the

crystal edge identification by the image-processing code when the growth of the crystal is barely detectable.

For TFA-I, the growth rates of 35 crystal seeds at six different supersaturation levels were measured.
For TFA-II the measured seeds were 26, and the supersaturation levels were five. For TFA-IX 23
crystal seeds at five supersaturation levels were measured. Quantities corresponding to the same
supersaturation level were grouped, and the error on their average was calculated as described in

Section 7.5.

Crystals of TFA-I and TFA-II grew with a peculiar mechanism which is discussed in the main text.
Briefly, individual parallel micro-sized needles were observed to grow aligned with the crystal needle
axis. This behaviour was observed for several crystals of both TFA-I and TFA-II grown in IPA
solutions, including the case of a very large crystal, which was left in an IPA solution for six months.
This crystal, visibly composed of several fragments, showed the same pleochroic response when

analysed with a polarising microscope (Figure S13).
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Figure S11. Histograms showing the distributions of the distance-time correlation coefficient for the L and W

dimensions of TFA-I (blue, 35 crystals) and TFA-II (orange, 26 crystals).
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Figure S12. Histograms showing the distributions of the distance-time correlation coefficient for the centroid-edge

distances for 23 crystals of TFA-IX in both orientation A (top, 18 crystals) and B (bottom, 5 crystals).

13



angle: 0° angle: 10°

Figure S13. Images of a large crystal of TFA-I grown in IPA obtained with a polarising microscope after a rotation of
10°. Due to the large size of the crystal along the needle direction, only images of the top, middle and bottom portions

of the crystal are shown. The width of the crystal was of about 2 mm.

5.2. Volumetric shape approximation for TFA-I and TFA-II

The volumetric growth of TFA-I and TFA-II crystals can be related to the measured linear dimensions
by approximating their 3D shape with either a cylinder of height L. and diameter W or a box of sides
L, W and T. The two former dimensions (L and W) can be directly measured from the images
collected from experiments, although estimating the thickness T for a box shape approximation
requires some assumptions, as this cannot be measured directly, unlike for TFA-IX (see the next

Section).

For our analysis as presented in the main text and in Sections 5.11, 5.12 and 5.14 of this document,
we have decided to approximate the shape of needle crystals of TFA-I and TFA-II using a cylindrical
shape, thus removing the need to make any assumption concerning their thickness. An alternative

approach using box shapes is briefly discussed in Section 5.13.

5.3. Estimation of the height of TFA-IX crystals

To calculate perpendicular facet distances from the measured centroid edge distances, knowledge of
the TFA-IX crystals height is required, as is shown in the next Section. For both the orientations A
and B used for our measurements, this dimension can be estimated from collected images by
measuring the projection L,, of the oblique facets on the facets parallel to the image plane (Figure

S14). For orientation A, these are the projections of the {10-1} facets on the {001}, and vice versa
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for orientation B. Using this projection, the height can be calculated from each image at time ¢ using

the interfacial angle 0 as:

H(t) =L, (t)tand (82)

{101}

D P {001}

Figure S14. The height of TFA-IX crystals (segment AP) can be calculated from 2D images by measuring the length of

the projection DP. The shape in the figure represents a crystal in orientation A viewed from the side.

For crystals in orientation A, the height corresponds to twice the perpendicular distance of the {001}

facets, while it corresponds to twice the {10-1} distance in case of orientation B.

Particular attention was required in the case of TFA-IX crystals measured in orientation A. In this
orientation, with the crystallographic b axis is parallel to the image plane, the light passing through
the crystal is refracted, and two different projections can be measured (Figure S15). Either a “right”
projection /’, a “wrong” projection /”” or both can be present depending on the rotation of the crystal

around the microscope’s optical axis. The range of rotational angles for which only /’” was visible

was identified and crystals in orientations falling in this range were not measured.

%’. -
o

Figure S15. Effect of the optical birefringence distortion on the measured projection of the oblique facets in a crystal of
TFA-IX. When no distortion is present (left) the measurement of /” yields the correct crystal height. When the crystal is
rotated by 15° (middle), a second projection, /’’, appears. If the crystal is rotated further (+ 30°, right), the projected

dimension /[’ disappears, the crystal goes out of focus, and the height calculated using /°” and equation S6 underestimated.

15



If the “wrong” projection /'’ is used in equation S6, the height of the TFA-IX crystals can be
underestimated by about 100-150 um. If the “right” projection /’ is used, instead, crystal heights
within 30 um can be determined. This was verified by measuring crystals of TFA-IX using both laser
confocal microscopy and a chromatic confocal sensor (Figure S16) and comparing the results with

values estimated using equation S2.

To calculate the height of TFA-IX crystals, one every third image from each collected data set was
manually modified as shown in Figure S17. The modified images were then processed using the same
code used to measure the needle crystals of TFA-I and TFA-II. The heights for the remaining images

were calculated by interpolation.

0.74 mm

0.20 mm

Figure S16 Laser confocal microscopy and a chromatic confocal sensor were used to measure the height of TFA-IX

crystals and compare the results with values calculated using eq. S6.




Figure S17. Images of TFA-IX crystals collected during experiments were manually modified to calculate the height of
the crystals using eq. S2.

5.4. Transformation of centroid-edge distances in facet-specific distances for TFA-IX crystals

The blocky morphology of the TFA-IX crystals suggest that growth rates of similar magnitude should
be expected for all visible crystal facets. In such case, the change of a measured centroid-edge distance

between an image collected at time ¢ and an image collected at time #+/ will depend on contributions

from the normal growth rates of the two crystal facets that form the edge, as shown in Figure S18.3%33

o

o  ad

!

/ face;

Figure S18. Contribution of facet normal growth rates on the change in centroid-edge dimension change Al,. In this
view, the facet denoted with face; can represent the {001} facets of a crystal of TFA-IX measured in orientation A.

The total distance change between two consecutive images will be given by:
(83)

1

¢ +
Zsind

osf
=Al; +Al, = Adlsin@

Altot
(S4)

And the change of the perpendicular facet distance can thus be calculated as:

Ad, = Al, .sinf — Ad,cos6
Using the construction shown in Figure S19, an equation analogous to eq. S4 can be found to relate
Deage,ney® measured for each image

the perpendicular facet distance to the centroid-edge distances,
at time #:
) (85)

dhty (1) = Dogge chity (8)Sing = ——cos8
Where H(t) is the crystal height as calculated with eq. S2. Equation S5 was used to calculate normal

facet distances for {10-1} and {11-1} facets for crystals with orientation A and the {001} facet

distances for crystals with orientation B.
17



Figure S19. The geometric construction used in equation S9 to calculate the facet distance (CF) starting from the
measured centroid-edge distance (C’D) for the {10-1} and {11-1} facets in crystals with orientations A and for the

{001} facets in crystals with orientation B. In this figure, the crystal is viewed from the side.
For crystals in orientation B the distance of the {11-1} facets, d{;1.1, was calculated as:
di11 213 = Degge 11 - 1y () sini (56)
Where « is half of the interfacial angle between two adjacent facets of the {11-1} family (Figure S20).

This method assumes that pairs of adjacent {11-1} facets always have the same distance from the

centre, and thus identical growth rates.

{111}

{001}

Figure S20. Geometric construction used to deduce the perpendicular distance (CF) of the {11-1} crystal facets from

the measured centroid-edge distance (CD) for crystals with orientation B.

The quality of our approximation of the crystal height of TFA-IX crystals, as well as the validity of
the mathematical corrections applied to the measured distances were evaluated qualitatively by
overlapping collected images of TFA-IX crystals to the 2D projections of their 3D morphologies,
calculated using facet distances obtained as described above (Figure S21). We note that, while our
approach worked well for the crystals of TFA-IX presented here, the applicability of this method, as
well as the corrections needed to convert the growth cell distances to crystal facet distances, will

depend on the system studied.
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Figure S21. Overlay of experimental images and the 2D projections of 3D crystal morphologies calculated from facet-

distances obtained by measurements of crystal dimensions as described in this section.

5.5. Linear growth rates of TFA polymorphs

The average linear growth rates from our measurements of single crystals of TFA-I, TFA-II and TFA-
IX in IPA at 25 °C are reported in Tables S4 and S5 together with the associated standard deviations.
The latter were calculated as described in Section 7. The growth rates of the L and W directions are
reported for TFA-I and TFA-II. For TFA-IX, the growth rates of the measured centroid-edge
dimensions, as well as the corrected perpendicular growth rates of the {001}, {10-1} and {11-1}
facets are reported. The latter were calculated applying the geometrical corrections described in

Section 5.4.

Table S4. Average single-crystal growth rates of TFA-I and TFA-II in IPA at 25 °C. The coefficients of variation of the
[100] growth rates are also reported.

TFA-I (35 crystals) Growth rate Var. coeff. [100] | Growth rate
x (x103) / mol. o1 G100 (nm min) o/ X Gjoor) (nm min)
fraction
4.33+0.01 0.10 0.3+0.1 0.29 0.001 £+ 0.003
4.70 +0.02 0.20 0.8+0.2 0.22 0.018 £ 0.006
5.07+£0.05 0.29 1.8+0.2 0.11 0.006 = 0.004
5.47+0.01 0.39 28+0.3 0.14 0.01 £0.01
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5.86 +0.04 0.49 45+0.5 0.20 0.03 £0.02

6.24 £ 0.01 0.59 43+0.5 0.13 0.05+0.03
TFA-II (26 crystals) Growth rate Var. coeff. [100] | Growth rate
x (x10-3) / mol. o Gi100; (0m min) o/ X Gioo1) (0m min)
fraction
4.82£0.06 0.12 1.3+0.2 0.14 0.012 = 0.008
5.10+0.01 0.19 22+0.7 0.34 0.016 =0.020
5.48 £0.01 0.28 42+04 0.10 0.016 +0.013
5.84 +£0.03 0.36 72+1.7 0.25 0.041 £0.021
6.24 £0.02 0.45 20.8+£2.0 0.11 0.078 = 0.033

Table S5. Average single-crystal growth rates of TFA-IX in IPA at 25 °C.

TFA-IX (23 crystals) | Centroid-edge growth rates

x (x10-3) / mol. O1x Orientation A Orientation A Orientation B Orientation B
fraction {10-1} edges {11-1} edges {11-1} edges {001} edges
5.03+£0.03 0.05 0.07 £0.02 0.10 £ 0.05 0.06 £0.01 0.05+0.01
5.48 £0.02 0.14 0.11+0.02 0.14 £0.04 0.09 £ 0.01 0.12+0.01
5.88+£0.03 0.22 0.16 £0.05 0.27 £0.09 0.20£0.01 0.22+£0.01
6.05+£0.02 0.26 0.27+0.03 0.44 £0.05 - -
6.25+£0.02 0.30 0.50+0.11 0.48 £0.10 - -

TFA-IX (23 crystals) | Corrected perpendicular facet growth rates

x (x10-3) / mol. O1x Ggo1;/ pm min! G101y / pm min! Gy1.1y/ pm min!
fraction
5.03+0.03 0.05 0.04 +0.02 0.10 £ 0.06 0.07 +£0.04
5.48 +£0.02 0.14 0.10+£0.01 0.08 £ 0.02 0.10+0.03
5.88 +0.03 0.22 0.26 £0.10 0.11+0.04 0.21 £0.08
6.05+0.02 0.26 0.32+0.04 0.17+0.02 0.38 +0.04
6.25 +0.02 0.30 0.37+0.25 0.36 £0.10 0.40 + 0.08

5.6. Evaluation of the growth mechanism

The dominant growth mechanism responsible for the growth of specific crystal directions can be
identified by describing the effect of supersaturation on growth rates using common growth
mechanism models and evaluating if any of the tested models is successful in describing the

experimental data.343¢

The normal growth of a crystal facet proceeds by the consecutive addition of layers and its growth

rate Gy, is given by:
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Gt = (g)hkl 57)

Where #4 is the layer or step height and t is the time required for the completion of a layer (i.e., for
the full coverage of the facet). The growth across a layer proceeds through the addition of new growth
units to special step and kink surface sites. At low supersaturation, the only source of these special
sites are crystal dislocation defects, and the growth rate of a facet is described by the Burton, Cabrera

and Frank (BCF) or spiral growth model:3’

G =% tann(®
BCF = Etan (;) (S8)

As the supersaturation increases, growth islands can spontaneously form on the crystal surface and
provide the necessary sites for the layer growth. Under this growth regime, growth rates can be
described by the two-dimensional or Birth and Spread (BS) model.?® When the growth of a crystal

facet proceeds through the BS mechanism, its growth rate is described by:

-D

Gps= Cas/éexp(T) (89)

For high enough supersaturations multiple islands can form and provide additional growth sites and
causing the surface to become rough. In a rough growth regime, the growth rate depends linearly on

supersaturation through a rate constant:

Glinear = klinearo- (S 10)

In alternative, growth rates are commonly represented by the empirical power law expression:

G o = k109 (S11)

Where the exponent g commonly assumes values between 1 and 2.

In these equations the supersaturation is expressed for each polymorph i as:

(S12)

Where x and x; are the solution concentration and the equilibrium solubility, respectively.
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The growth models mentioned above were fitted to experimental data using a weighted least-squares

approach where weights were assigned according to experimental errors.

5.7. Fitted growth models for TFA-I and TFA-II

The parameters obtained by fitting the growth models presented above are reported in Table S6 and
Table S7 and plotted in Figures S22 and S23 for TFA-I and TFA-II, respectively.
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Figure S22. Experimental average growth rates of the L (left) and W (right) dimensions in IPA at 25°C for TFA-I

crystals and fitted growth models. The fitted parameters are reported in Table S6.

Table S6. Fitted parameters, coefficients of determination and sum of squared residuals (ssr) for the experimental linear

growth rates of TFA-IL

TFA-I

BCF A (um min™) B R? SSR
[100] direction 8.6 0.4 0.911 1.54
[001] direction 2.1 26 0.546 0.0008
BS C (um min™) D R? SSR
[100] direction 9.5 0.2 0.905 1.65
[001] direction 0.35 1.0 0.841 0.0002
Continuous Kiinear (WM min) - R? SSR
[100] direction 5.4 - 0.610 6.84
[001] direction 0.02 0 -0.073 0.002
Power law k; (um min') g R? SSR
[100] direction 11.2 1.6 0.894 1.84
[001] direction 0.23 3.1 0.867 0.0002
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Figure S23. Experimental average growth rates of the L (left) and W (right) dimensions in IPA at 25°C for TFA-II
crystals and fitted growth models. The fitted parameters are reported in Table S7.

Table S7. Fitted parameters, coefficients of determination and sum of squared residuals (ssr) for the experimental linear

growth rates of TFA-II.
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TFA-II

BCF A (um min™) B R? SSR
[100] direction 337.8 5.12 0.784 54.5
[001] direction 5.62 17.4 0.923 0.0002
BS C (um min™) D R? SSR
[100] direction 29.4 0.2 0.540 116.4
[001] direction 0.1 0.1 0.635 0.001
Continuous Kiinear (WM min') - R? SSR
[100] direction 14.8 - 0.202 201
[001] direction 0.1 - 0.459 0.001
Power law k; (um min) g R? SSR
[100] direction 72.1 2.1 0.809 48.4
[001] direction 0.2 1.7 0.842 0.001

5.8. Fitted growth models for TFA-IX

The optimised parameter of selected growth models for TFA-IX are reported in Table S8, while the

fits are represented in Figure S24.
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Figure S24. Experimental average growth rates of the {001} (top left), {10-1} (top right) and {11-1} (bottom left)

facets in IPA at 25°C for TFA-IX crystals and fitted growth models. The growth rates of the three facets are compared

in the bottom right portion of this figure, where dashed lines were obtained fitting the power law growth model. The

fitted parameters are reported in Table S8.

Table S8. Fitted parameters, coefficients of determination and sum of squared residuals (ssr) for the experimental facet

growth rates of TFA-IX.

TFA-IX

BCF* A (um min™) B R SSR
{001} 224 4.6 0.920 0.007
{10-1} 21.8 8.2 0.559 0.024
{11-1} 20.1 4.0 0.879 0.011
BS C (um min) D R? SSR
{001} 1.9 0.18 0.982 0.001
{10-1} 0.6 0.05 0.314 0.038
{11-1} 2.4 0.21 0.881 0.011
Continuous Kiinear (WM min1) - R? SSR
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{001} 0.8 - 0.607 0.032
{10-1} 0.6 - 0.323 0.037
a1-1} 1.2 - 0.851 0.014
Power law k; (wm min) g R? SSR
{001} 33 1.8 0.978 0.002
{10-1} 0.9 1.2 0.399 0.033
{11-1} 3.5 1.7 0.899 0.009

afits of the BCF model are not reliable and the optimised parameters change considerably depending on the selected

parameter initial values.

5.9. Calculation of crystal morphology volume: the Particle Property Calculator (PPC)

algorithm

The Particle Property Calculator (PPC) was written in Python3 with the objective of calculating the
evolution of the volume of crystals of TFA-IX during growth from the distance data collected during
our experiments. The PPC can calculate the volume of any crystal morphology (represented by a
convex polyhedron) from a crystal structure and from a list of crystal facets and their perpendicular

distances. A comparison of the performance of PPC with the Morphology module of Materials Studio

2019 (BIOVIA) is provided in the next Section.

Figure S25 provides a schematic view of the process used by PPC to calculate the volume and surface

of the morphology convex hull. PPC uses custom written functions, as well as functionalities of the

SciPy library*® and of the CSD python API.?

READ STRUCTURE
(CSD refcode or CIF file)

READ DATA
(facet indices, d,,, data)

{ Get facet normals

)

between combinations of 3

planes

Calculate point intersections J

[Get morphology vertices]

Convex Hull

Output: VOLUME, SURFACE
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Figure S25. Schematic view of the PPC algorithm to calculate crystal morphology volume and total surface.

An input crystal structure, either read from the CSD database through its refcode or from a CIF file,

is used to calculate the plane normal of each crystal facet with indices Akl:

;l(hkl) = (a(hkl)'b(hkl)'c(hkl)) (S13)

Each crystal facet is then defined by its plane equation:

Ay + Depienyy + CniyZ + Ay = 0 (S14)

The perpendicular facet distances dj;; can be determined from experimental observations or from
computational predictions. The input distances have arbitrary units which will determine the unit of

the output volume/surface.

The intersections of all combinations of three distinct planes (representing the crystal facets) are
calculated only if the rank of the corresponding matrix is equal to 3, i.e., if the solution represents a
point with 3D coordinates. The points identified this way will include the morphology vertices, as
well as points external to the morphology convex hull. The latter are excluded by recursively
verifying if a point lies on either the same or opposite side of a crystal facet with respect to the origin.
This is done by evaluating F(xX;,y;,z;) for each point, where F, 1s the equation of the facet plane
and x,,y;,z; are the coordinates of the ith point (Figure S26). If the point lies on the plane ( F)(X;,y12:)
=0 ), or on the same side as the origin ( Fyx)(X;,y:»z;)) > 0 ), then the point is kept. The operation is
repeated for all crystal facets until only the real morphology vertices are left (Figure S27). This
methodology for the search of the morphology vertices was preferred to a nearest-neighbour search
based on distances between points, because the latter can result in false positives in the case of crystals
with particularly acute interfacial angles. The volume and the surface of the crystal morphology are

then calculated from the collection of vertices using the Quickhull algorithm.*°
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Figure S26. Schematic representation of the Nearest-Neighbour search algorithm used to find the crystal morphology

vertices.
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Figure S27. All possible intersection points between the crystal facets of a TFA-IX crystal (orange points) are limited

to the morphology vertices (purple points) using a Nearest-Neighbour search algorithm.

5.10. Evaluation of the performance of the PPC algorithm

PPC has a comparable performance to the commercial Morphology module of Materials Studio 2019
(Dassault Systems BIOVIA, 2018). As a benchmark, the BFDH morphologies of 26 crystal structures

from the CSD were calculated in Materials Studio. The Materials Studio output lists of 4kl facets and
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their corresponding distances were then used as inputs for the calculation with PPC using the same

crystal structures. The parity plots for the crystal volume and surface area calculated with the two

methods are shown in Figure S28.
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Figure S28. Comparison of the volume (left) and surface (right) calculated using the PPC algorithm presented in this
work (x axis) and the commercial Morphology module of Materials Studio 2019 (y axis) for crystal morphologies of 26

selected systems The units of measurement are arbitrary and depend on the input data.

5.11. Calculation of crystal growth volumes

The change of crystal volume after a fixed time t can be used to evaluate the influence of linear growth
rates on crystal volume change. This measure provides a qualitative comparison of overall growth

rates of polymorphs, as used previously by Liu et al.*!

Volume growth rates of TFA polymorphs were calculated using the average experimental growth
rates measured at different concentrations. The shape of the crystals was defined using aspect ratios
calculated from the average dimensions of the seeds used for our experiments (Table S11). The initial
crystal volume was fixed to the average volume (about 8x10° pm?3) of the seeds used for our

experiments, although different volumes were also tested.

The crystal seeds used for these calculations had the same aspect ratios of those used for the

simulations presented in Section 5.14 of this document.

For TFA-I and TFA-II, the volume at time ¢ and concentration x was defined considering a cylindrical

shape as:

V(e = Lo + 6,696 Wy + Gy(0L]? (S15)
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Where Ly, W, are the initial crystal dimensions and G (x) and Gy(x) are the average experimental

linear growth rates of the corresponding dimensions.

For TFA-IX, the volume at time ¢ and concentration x was calculated from facet distances and their

experimental growth rates using the PPC algorithm described in Section 5.9:

V(£x) = f(dppp0 T Gy () (S16)

Where the initial distances %30 were proportional to the average distances of the seeds measured
for our experiments and were scaled to achieve the desired initial volume. Figure S29 shows the
calculated growth volumes as a function of solution concentration for four different growth times.
Changing the growth volume (and the initial volume, not shown here) has little effect on the relative

growth volumes of the TFA polymorphs, and the information given by the different plots is essentially
equivalent.
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Figure S29. Crystal growth volumes calculated from average linear growth rates for TFA polymorphs for different

growth times.

5.12. Calculation of volume growth rates and equivalent diameter growth rates
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The same crystal shape approximation used to calculate crystal growth volumes for TFA-I and TFA-II
can be used to re-analyse the images collected during our single-crystal growth experiments and to

estimate the change in volume as a function of time for each of the measured crystal seeds.

For each image at time ¢, volumes of TFA-I and TFA-II were measured as:

V(© = LOW®? (17
For TFA-IX, the centroid-edge dimensions measured from each image were transformed to facet-

specific distances and used to calculate the crystal’s volume using the PPC algorithm:

V() = f(dgery()) (S18)

The diameter of a sphere having equivalent volume as the crystal was then calculated:

(S19)
Volume growth rates, as well as equivalent diameter growth rates, can then be obtained by linear

fitting of the volume vs. time data obtained as described above.

Although the dependence of crystal volume on time is not strictly linear, as it is a function of all
growth directions and a cubic dependence on linear dimensions is expected, a linear relationship is
used here as approximation. In the case of TFA-I and TFA-II this is justified by the small growth
rates of the W and T dimensions compared to the L dimension. For TFA-IX, instead, although the
growth rates along different directions have similar magnitude, they are small, and the calculated
volume-time dependence deviates only slightly from linearity. Histograms showing the distributions
of correlation coefficients R? for the volume/diameter vs. time data of our datasets are shown in Figure

S30.
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Figure S30. Histograms showing the distributions correlation coefficients of volume/diameter vs. time data for crystals

of TFA polymorphs.

The calculated average values for volume and diameter growth rates are reported in Table S9 and

shown in Figure S31 as a function of TFA in IPA solution concentration.
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Figure S31. Plots of average volume growth rates (left) and equivalent diameter growth rates (right) for TFA
polymorphs as a function of IPA solution concentration. The vertical lines indicate the equilibrium solubility of the

polymorphs in IPA at 25 °C. Lines fitting the data were obtained using a power law growth model.

The scenarios described by the calculated volume and equivalent growth rates are quite different. If
the volume growth rates are compared, the metastable TFA-IX polymorph appears to grow faster than
any of the other two polymorphs. On the other hand, the calculated equivalent diameter growth rates
lead to the same conclusion as the calculated growth volumes (see previous section), i.e., that TFA-
II always grows faster and that TFA-IX becomes faster than TFA-I at higher solution concentrations.
The differences between these two conclusions can be explained by considering the different volumes
of the crystal seeds used for our experiments, as well as the change of crystal shape during growth,

as described in the next section.

Table S9. Average volume growth rates (Gy) and equivalent diameter growth rates (Gp) calculated for TFA polymorphs.

TFA-I (35 crystals)
x (x10-%) / mol. fraction oy Gy (x10° pm? min-') Gp (um min)
4.33+0.01 0.10 48+22 0.06 +0.03
4.70 £0.02 0.20 11.3+50 0.18 £ 0.05
5.07 £ 0.05 0.29 6.7+2.6 0.20+0.04
5.47+£0.01 0.39 134+99 0.37+0.17
5.86 £0.04 0.49 328129 0.61+0.11
6.24 +0.01 0.59 52.6+£17.3 0.74+£0.13
TFA-II (26 crystals)
x (x10-3) / mol. fraction o Gy (x10° pm? min') Gp (um min)
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4.82+0.06 0.12 54+ 28 0.23 +£0.06

5.10+£0.01 0.19 82+ 43 0.31£0.07
5.48 £0.01 0.28 9.0+ 1.9 0.53 +£0.06
5.84+£0.03 0.36 440+ 17.0 1.0 £0.2
6.24 £0.02 0.45 169.7+ 61.4 2.6 £0.5

TFA-IX (23 crystals)

x (x10-%) / mol. fraction Oix Gy (x10° pm? min) Gp (um min)
5.03+0.03 0.05 149+ 8.1 0.13+0.05
5.48 +£0.02 0.14 17.7+ 4.3 0.20+0.02
5.88 £0.03 0.22 59.9+20.2 0.36 £0.09
6.05 £0.02 0.26 99.7+ 8.9 0.60 = 0.06
6.25 +£0.02 0.30 257.0+57.1 09 +£0.3

Table S10. Parameters obtained by fitting a power law expression to equivalent diameter growth rates of TFA-I, TFA-II

and TFA-IX calculated from single-crystal measurements.

Form k; (um min') g SSR
TFA-I 1.7+0.4 1.6+0.2 0.009
TFA-II 6.2+5.0 1.8+0.6 1.25
TFA-IX 53+3.0 1.6+0.3 0.03

5.13. Effect of different shape approximations on growth rates of TFA-I and TFA-II

As introduced in Section 5.2, the 3D shape of needle crystals of TFA-I and TFA-II can be
approximated with either a cylindrical shape, as we have done here, or with a parallelepipedal box of
dimensions L, W and T. The latter approximation requires an assumption about the thickness of the
box, which ideally should be measured experimentally. We have tried analysing our data using this
box approximation and assuming several T/W ratios between 0.4 and 1.0. The lower limit of 0.4 was
chosen by comparison with the experimental morphology of TFA-I, which had a T/W ratio of 0.46.
Figure S32 shows the growth rates of the equivalent diameter of the TFA polymorphs depending on
the chosen T/W ratio, where the solid lines were obtained by fitting a power law equation using the
parameters shown in Table S11. The black dotted and dash-dotted lines in the figure represent power

law growth rates for a cylindrical shape (using parameters of Table S10).
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Figure S32. Effect on the estimated equivalent diameter growth rates of TFA-I and TFA-II of changing the T/W ratio

of the box used to approximate their shape. Solid lines are modelled using a power law equation and the parameters of

Table S11. The dotted and dash-dotted lines were obtained with the parameters of Table S10 for TFA-I and TFA-II,

respectively.

Table S11. Growth parameters for a power law equation for the equivalent diameter growth rates of TFA-I and TFA-II

obtained using box shape approximations with variable T/W ratios.

TFA-I

T/W ratio | k; (um min) g
0.4 1.36£0.28 | 1.6+0.2
0.5 1.46 030 | 1.6+0.2
0.6 1.55+0.32 | 1.6+£0.2
0.7 1.63+0.34 | 1.6+0.2
0.8 1.71+£0.36 | 1.6+£0.2
0.9 1.78+0.37 | 1.6£0.2
1.0 1.84+0.38 | 1.6+0.2

TFA-II

T/W ratio | k; (um min) g
0.4 8.9+7.8 23+0.7
0.5 8.0+6.9 2.1+0.7
0.6 7.2+6.0 2.0+0.7
0.7 6.5+54 1.9+0.6
0.8 6.1£49 1.8+0.6
0.9 58+4.6 1.7+0.6
1.0 5.6+4.3 1.7+0.6

We note that changing the T/W ratio used for the box shape approximation has some effect on the

absolute values of the estimated equivalent diameter growth rates, but that the relative growth rates

of the three TFA polymorphs with respect to solution concentration remain unchanged. Notably, the
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concentration at which TFA-IX becomes faster than TFA-I increases as the T/W ratio of the box used
to describe TFA-I increases, as shown in Table S12, where intersection values were calculated based

on the power law model predictions of Figure S32.

Table S12. IPA solution concentration where TFA-IX is faster than TFA-I as a function of the T/W ratio of the box
chosen to describe TFA-I crystals.

T/W ratio of TFA-I Concentration (mol. fraction)

0.4 0.0059
0.5 0.0060
0.6 0.0061
0.7 0.0061
0.8 0.0062
0.9 0.0064

1 0.0065

5.14. Effect of crystal size and shape on calculated volume growth rates and diameter growth

rates

Table S12 shows the average dimensions of the single-crystal seeds used for our experiments.
Compared to the very thin needles measured for TFA-I and TFA-II, the blocky crystals of TFA-IX
are much larger, with volumes that are at least one order of magnitude larger. In addition, crystals of
TFA-IX have an equant shape and grow with similar rates in all directions. Crystals of TFA-I and
TFA-II, on the other hand, are very elongated and their growth along the needle axis is two orders of
magnitude faster than along the remaining directions. Thus, while the shape of TFA-IX crystals is
expected to show little variations during growth, the shapes of TFA-I and TFA-II crystals change
constantly. For this reason, the use of an equivalent diameter to describe the growth rate of these
needle crystals might not be appropriate. The equivalent diameter, however, provides a useful single

characteristic length to compare the growth rates of the different polymorphs.

The effect of different initial crystal seed volumes (and of different initial aspect ratios for TFA-I and
TFA-II) on the calculated volume growth rates and equivalent diameter growth rates were estimated
by simulating the growth of TFA crystals for 120 minutes using the average experimental linear
growth rates. Linear growth rates were assumed constant and size-independent. For each time interval
At (typically 1 minute), volumes were calculated as described in Section 5.11 of the present
document. The simulated crystal volumes (and equivalent-diameter) vs. time data were then linearly

fitted to extract values of G,,; and Gp as a function of the different seed sizes.
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Calculations were performed for seed volumes between 9x10* and 2x107 pm? and for three IPA

concentrations at which the growth rates of all three polymorphs had been measured (x = 0.0055,

0.0059, 0.0063).

Figures S33, S34, and S35 show the calculated relative change of crystal aspect ratio, the volume
growth rate and the equivalent diameter as a function of crystal volume for TFA-I, TFA-II and TFA-
IX, respectively.

Table S12. Average length (L), width (W), aspect ratio (AR), volume (V) and surface area (A) of the TFA seeds used for
the single-crystal growth rate experiments presented in this work. The volumes were calculated as described in the

sections above. N is the number of crystal seeds measured for each polymorph.

N L (um) W (um) AR V (um’) A (um?)

TFA-1 35 559 64 8.7 2.3 x10° 1.3x10°

TFA-II 26 348 46 7.6 8.1 x10° 6.2 x 10*

TFA-IX 23 582 356 1.9/2.7 1.6 x107 4.0x10°
aL/W for TFA-I and TFA-II; L,/Ls and L,/L; for TFA-IX (see Figure S35)
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Figure S33. The effect of different initial seed volumes on calculated growth rates for TFA-I for three different IPA
solution concentrations. The quantities presented here were calculated assuming constant linear growth rates. The average
linear growth rates from experiments were used (see text). Relative change in aspect ratio after 120 minutes (left column);
change of the calculated volume growth rate, Gy (middle column); change of the calculated equivalent diameter growth
rate, Gp (right column). At the top: the shape used for TFA-I for these calculations, based on the average seed dimensions
of TFA-I. The thickness T was calculated from W and is not shown here. The triangle marker in the plots indicates the

average volume of TFA-I seeds used in the experiments.

37



initial aspect ratio
(from average seed dimensions)

—
a) x (mol. fraction) = 0.0055
TFA-Il TFA-II TFA-II
x (mol. fraction): 0.0055 ©0=0.28 x (mol. fraction): 0.0055 0=0.28 x (mol. fraction): 0.0055 0=0.28
o
i © = —
> 4 — W = e
o | — 0.15 1 — 0.70 A
x - = -
< ‘\ ) =7 = o
= | | . = 0.65 1 4
131 c J e 4 Vg
e |\ £ 010 " rel. change: 25.74 £ / rel. change: 0.51
< E 0604
' \ m P = f
527\ €Eoos{ - o 0554/
T R = o @ F
= — g 2 0.50 4
o 1 4 — =~ /
< i i — Y 0.00 . : X : . ;
0 5 10 15 20 0 5 10 15 20 0 5 10 , 15 . 20
seed volume (um?) x10° seed volume (um?) x10° seed volume (um-) x10
b) x (mol. fraction) = 0.0059
TFA-II TFA-II TFA-II
x (mol. fraction): 0.0059 0=0.38 x (mol. fraction): 0.0059 0=0.38 x (mol. fraction): 0.0059 0=0.38
(=
16 _— 2 0.3 —1 P—
< | Ly 3 e i3
< ) = —~ 1
| T an g < e
=44\ e U2 A ) g 109 k
2(: \\ £ /}/ rel. change: 20.25 S rel. change: 0.53
L34\ a EXERE
S e Eo1q = /
i 5 ~ = / 0) |
& Sl 3 i 0.5
< : . =] &) : : : : : .
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
seed volume (um?) x106 seed volume (um?) x10° seed volume (um?) x10°
c) x (mol. fraction) = 0.0063
TFA-Il TFA-II TFA-II
x (mol. fraction): 0.0063 0=0.47 x (mol. fraction): 0.0063 0=0.47 x (mol. fraction): 0.0063 0=0.47
i 14 4 e, 1.0 = 2.4
% ) = § | g
a| 0.8 —_ —
= 12 | = - 2.2 7 e
" 10 4\ = e P> c -
Bq? \ € " |rel. change: 14.07 E 2.0 /,/' rel. change: 0.64
T 8 - i > /
: b g 04 2184
S 6 = p & f
& i 3 0274 16
< 41 e U]
s T T T T T T T T T
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
seed volume (um?) x10° seed volume (um?3) x10° seed volume (um?) x106

Figure S34. The effect of different initial seed volumes on calculated growth rates for TFA-II for three different IPA
solution concentrations. The quantities presented here were calculated assuming constant linear growth rates. The average
linear growth rates from experiments were used (see text). Relative change in aspect ratio after 120 minutes (left column);
change of the calculated volume growth rate, Gy (middle column); change of the calculated equivalent diameter growth
rate, Gp (right column). At the top: the shape used for TFA-II for these calculations, based on the average seed dimensions
of TFA-IL. The thickness T was calculated from W and is not shown here. The circle marker in the plots indicates the

average volume of TFA-II seeds used in the experiments.
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Figure S35. The effect of different initial seed volumes on calculated growth rates for TFA-IX for three different IPA
solution concentrations. The quantities presented here were calculated assuming constant linear growth rates. The average
linear growth rates from experiments were used (see text). Relative change in aspect ratio after 120 minutes (left column);
change of the calculated volume growth rate, Gy (middle column); change of the calculated equivalent diameter growth
rate, Gp (right column). At the top: the shape of TFA-IX used for these calculations, calculated from the average
dimensions of seeds of TFA-IX. The diamond marker in the plots indicates the average volume of TFA-IX seeds used in

the experiments.
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Figure S36. Effect of different seed volumes on calculated volume growth rates (G,,, left) and equivalent diameter

growth rates (Gp, right).

When the volume of the crystal seeds is small, the shape of the needle crystals of TFA-I and TFA-II
changes drastically, although this effect diminishes as the seeds become larger (i.e., as the change in
dimension with time is small compared to the dimension itself and the crystal shape doesn’t change
as drastically as for smaller seeds). As a result, the calculated volume growth rates vary by about
3000% and the diameter growth rates vary by about 50% between seed volumes of 9x10* and 2x107
pum? considered here. For TFA-IX, on the other hand, the shape of the crystals shows a much smaller
variation, and although the change in calculated volume growth rate is still as high as 2000%, the

calculated equivalent diameter growth rates vary only slightly for different seed volumes.

The equivalent diameter growth rates seem to tend to a plateau for large enough seed volumes. Thus,
according to our analysis, equivalent diameter growth rates of crystals with very different shapes
should be ideally compared only for large enough crystal volumes, i.e, when they show little change
with changing crystal volume/shape. In alternative, growth rates measured for seeds of identical

volume should be compared. Practically, however, the size of the seed crystals used for measurements

40



of growth rates of single-crystals can be variable, and the seeds dimension can be affected by

dissolution and/or cutting of the crystals to prepare them for the measurement.

Comparison of crystal volume growth rates should instead be carried out only for measured seeds
having the same volume. In our case, the seed crystals of TFA-IX have too different volumes
compared to TFA-I and TFA-II, and the volume growth rates should not be used to determine which

polymorph grows faster.
6. Seeded isothermal desupersaturation (SID) batch experiments

Growth kinetics of TFA-I and TFA-II in IPA at 25 °C were also measured via seeded isothermal
desupersaturation (SID) experiments in a 75 ml reactor. Solution concentration was monitored using

an ATR-UV probe.*>#

Experiments for TFA-IX were unsuccessful, as this polymorph promptly transformed to either TFA-I
or TFA-II during measurements. It is possible that the seeds of TFA-IX used for these experiments

contained impurities of TFA-I, as these two polymorphs can crystallise together. Figure S37 shows

needle crystals of TFA-I which formed on top of crystals of TFA-IX.

Figure S37. Needle crystals of TFA-I formed on crystal seeds of TFA-IX during SID experiments.

6.1. UV Calibration and data processing

Data from UV measurements were analysed using a two-component partial least squares (PLS)
regression model.** The PLS model was parametrised using UV spectra collected for solutions of
TFA in IPA of known concentration at various temperatures (18 - 45 °C). Because SID experiments

were performed over a relatively long period of time (three months), new calibration data were
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collected periodically to account for factors like loss of intensity of the UV lamp and unwanted

bending of the fibre optics cable connecting the probe to the UV spectrometer.

The UV spectra of TFA present three evident absorption peaks around 210, 290 and 350 nm (Figure
S38). Only the latter two peaks were used for our analysis, as the peak at 210 nm was close to the
wavelength range limit of our UV instrument. Collected UV spectra were pre-processed applying a
single-point baseline correction at 420 nm. Figure S39 shows the correlation of measured and
predicted concentrations for a typical calibration model. We note that using two components for our
PLS model was probably unnecessary, and that a model with a single component (or measuring the

concentration using the Lambert-Beer law) would have likely sufficed.
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Figure S38. (Left) UV spectra of solutions of TFA in IPA collected during SID experiments. (Right) the region of the
UV spectra between 260-420 nm which was used for both calibration and analysis of data collected during SID

experiments.
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Figure S39. Cross validation plot showing the correlation between measured and predicted concentration of TFA

solutions in IPA from calibration.

6.2. Population Balance Modelling (PBM)

The growth rate parameters for the TFA-I and TFA-II crystal population were fitted using a 1-
Dimensional population balance model coupled with a concentration equation, to represent the solid
and liquid phases, respectively. The population balance equation used, assumes a well-mixed batch
crystallizer where no breakage or agglomeration takes place:
0 10
f,t=0)= f(x) (S21)

(S20)

where fis the distribution function, # is time, G is the size-independent growth rate and x is the crystal
size. The initial condition of the distribution function is equal to the seeds, fy. The LHS is equated to
zero since we assumed no primary nucleation takes place because of the addition of seeds and
secondary nucleation is assumed insignificant due to relatively low stirring rate. The size-independent

growth rate is given by:

G = kl(S _ 1)9 (322)

where k; and g are parameters to be fitted. The supersaturation S is defined as:

s=_° (S23)
c*(T)
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c(t=0)=c, (524)
where, ¢"is the solubility, T is the temperature, ¢ is the concentration of the solution and ¢, is the

initial concentration.
The PBM was coupled with the equation of the following concentration profile:

dc dys (S25)
a P

where C is the concentration, p is the density of the crystal and p; is the third central moment of the
1
=TT

distribution. The shape factor k, was equal to 6 , since the needles of TFA-I and TFA-II were

simplified with spheres and the characteristic length corresponded to the sphere diameter.

The moments, y;, of the distribution function are given by:
u; = fxi f(tx)dx, i=012,..,
0

The solution of the PBM was given by the upwind flux scheme of the finite volume method.434

The 2-Dimensional size distribution was measured using the imaging device described by
Neoptolemou et al.*” and was further simplified to a 1-Dimensional size distribution. For volume
conservation, the particles were represented by a cylinder and a sphere for the 2D and 1D

distributions, respectively.

The k; and g parameters were fitted by minimizing the squared difference of the simulation and

experimental concentrations. The following function was minimized:

N N

E P
Iq 1l ) ,
q)(kl' g) = N_ZN_Z (yl-j—yij(kl, g)) (S26)
Ei=1 Pz
where Ng 1s the number of experiments of one of the two polymorphs, Np is the number of points in
time of the concentration profile, y; and y; are the experimental and simulated concentrations of

experiment 7 at point j. The covariance matrix was used to calculate the standard errors.

6.3. Seeds and SID experiments

Population size distributions of crystals of TFA-I and TFA-II before (Figures S40 and S41) and after
SID experiments were produced using the methodology described in Neoptolemou et al.*” The
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average crystal length and width, as well as the volume of the corresponding cylindrical shape used

to describe the crystals are presented in Table S13.

Figure S40. Crystal seeds used for desupersaturation experiments of TFA-I. Left: Grayscale microscope image. Right:
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Figure S41. Crystal seeds used desupersaturation experiments of TFA-II. Left: Grayscale microscope image. Right:

2500 |

2000 -

-
2]
o
o
T

Length, pm
2
o
(=)

500 |

Seeds B, Volume-Weighted

100

Length: 186, Width: 10, N: 81847

[ ILength: 194, Width: 11, N: 85937

30 40 50
Width, pm

Volume-weighted particle size and shape distribution. N is the number of particles characterized.

Table S13. PSSDs of TFA-I and TFA-II from the SID experiments.

60

TFA-I?
Experiment x / mol fract. Si L (um) W (nm) V (um?) relative L relative W
change® change®
seeds - - 403 25 2.0E+05 - -
1 0.0055 1.41 520 37 5.6E+05 0.3 0.5
2 0.0054 1.37 657 39 7.8E+05 0.6 0.6
3 0.0055 1.41 582 36 5.9E+05 0.4 0.4
4 0.0051 1.31 426 31 3.2E+05 0.1 0.2
5 0.0047 1.20 722 36 7.3E+05 0.8 0.4
6 0.0050 1.29 529 35 5.1E+05 0.3 0.4
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TFA-II
Experiment x / mol fract. Su L/pm W/ pm V (um?) relative L relative W
change change
seeds - - 190 11 1.8E+04 - -
1 0.0056 1.28 440 20 1.4E+05 1.32 0.80
2 0.0055 1.28 399 19 1.1E+05 1.10 0.73
3 0.0051 1.17 432 15 7.6E+04 1.27 0.36
4 0.0053 1.24 548 22 2.1E+05 1.88 1.00
5 0.0053 1.24 393 21 1.4E+05 1.07 0.91
6 0.0047 1.09 331 14 5.1E+04 0.74 0.27
7 0.0050 1.16 538 24 2.4E+05 1.83 1.18

ayolume weigthed average from measurements; ® change of measured dimension relative to the seeds

6.4. Results

Figure S42 shows the growth rate curves for the characteristic length of TFA-I and TFA-II in IPA at
25 °C. The curves were calculated with a power law model using the parameters presented in Table
S14. Figures S43 and S44 show the concentration curves as measured from our experiments, as well

as concentrations simulated by our PBM model.
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Figure S42. Growth rates of the characteristic dimension (equivalent diameter) of TFA-I and TFA-II in IPA at 25 °C
obtained from SID experiments. The curves were calculated using a power law expression and the parameters presented

in Table S13

Table S14. Fitted growth rate parameters for TFA-I and TFA-II from SID experiments in IPA.
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Form k; (um min!) g SSR
TFA-I 7.1+0.1 2.16 £ 0.01 0.0062
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Figure S43. Experimental (blue) and simulated (black dashed) concentration profiles of desupersaturation of TFA 1.

47




experiment 1 experiment 2

0.024 4 0.024 -
0.023 0.023 1
T T
8 8
< i
= 0.0221 Z 0022
o =}
= =
£ £
© 0.021 g 0.0211
£ 5
o o
v v
0.020 0.0201
0.019 0.0191
0 2000 4000 6000 8OO0 10000 12000 0 2000 4000 6000 8000 10000 12000 14000
time / seconds time / seconds
experiment 3 experiment 4
0.0220 4 0.023 4
0.0215 4
- T_0.022 A
$ 0.0210 A B
5 5
2 0.0205 =
‘% % 0.021 1
¥ 0.0200 - g
o o
v v
0.0195 0.020 1
0.0190 4 =W
0.019 4
0 5000 10000 15000 20000 0 2000 4000 6000 8000 10000
time / seconds time / seconds
experiment 5 experiment 6
0.023 4 0.02050 4
0.02025 4
< 0.0221
»
§ ? 0.02000
5 ;
2 0.0211 3
s 3
= i 0.01975 4
@ 3
g 1
8 0.0201 > 0.01950
0.01925 4
0.019 4 ee——
0.01900 4
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000 16000
time / seconds time / seconds
experiment 7
0.0220 4
0.0215 4
7 0.0210
8
s
c
S 0.0205
=1
|
g
9 0.0200 |
=
v
0.0195 4
0.0190 1

0 20‘00 40‘00 60‘00 BOIDO 10600 12600 14600
time / seconds

Figure S44. Experimental (orange) and simulated (black dashed) concentration profiles of desupersaturation of TFA 11.
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7. Analysis of errors and error propagation in measurements of single-crystal growth rates

In this section, we analyse the possible sources of errors in our measurements of growing single-

crystals and how these errors are carried on in the calculation of growth rates and averaged quantities.

7.1. Sources of systematic error

All measurements of single-crystal dimensions presented in this work were performed using
automated MATLAB image processing algorithms written in our group. Although the codes used to
measure either the needle crystals of TFA-I and TFA-II or the blocky crystals of TFA-IX work in
inherent different ways, they both rely on image pre-processing, namely conversion to grayscale and
image binarization. The latter step, in particular, is essential to determine the boundaries of the object
that will be measured. The identification of the correct boundary will in turn depend on the level of

blurring of the crystal edges in the original image.

To quantify the error due to the boundary recognition, we collected multiple images of TFA crystals
at different levels of focus and rotated at different orientations. We then repeatedly measured relevant
distances from the collected images, and we calculated the average standard deviation as the square
root of the sum of the variances of each set of distances. We found this average standard deviation on

the measured length /’, o, to be 3 um.

Another source of error in our measurements is due to the fact that the cuvette containing the crystal
seed does not lie flat in the growth cell, but at an angle which is the result of the different thicknesses
of the cuvette at its bottom and at the neck opening. This will result in the measured object being
slightly tilted with respect to the image plane, and in a distortion of the actual measured distance
which is proportional to:

3 (S527)
cosy

[=

Where / and [’ are the real and the measured lengths, respectively, and v is the angle between the
cuvette containing the crystal seed and the bottom of the growth cell. The error on the real length, o,
will also be proportional to the error on the measured length, 6;,, according to eq. S27. Figure S45
shows the influence of the cuvette angle y on the error of the real length. It can be seen from the
figure that this error is very small for small cuvette angles (1% additional error for an angle of 10°).
In our case, we measured the inclination of our cuvettes to be of about 3°. This small cuvette angle

results in a small overall error that we decided nonetheless to include in our measured data. Therefore,
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each linear dimension directly measured from the collected images has an associated systematic error

o; of about 3 um, which is propagated in all of the derived quantities.

Error on measured dimension

3.04 4

3.03 4

g/ um

3.01 4

3.00 4

T T T T T T T T T
=100 -7.5 -50 =25 0.0 2.5 5.0 7.5 10.0
cuvette angle, W/ °

Figure S45. Effect of the tilt angle of the cuvette used for the measurements of single-crystal growth rates on the error

on the measured dimensions, o;.
7.2. Error propagation

The systematic errors presented above were propagated in derived quantities according to the theory

of error propagation:

Sf (528)
or= [Zlseoef

i

Where f'is a function of the variables x;.

7.3. Linear fitting of dimension vs. time data: error on the calculated slopes

The single-crystal growth rates presented in this work were calculated by linear fitting of the

measured crystal dimensions against time:

y= Gx +c¢ (829)

Where y is our measured quantity, G is the rate calculated as the slope of the best-fit curve and c is

the intercept.

The best-fit slope can also be expressed as:*®
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n n n (830)

When each y; measurement has the same error o, and if the error on x is considered negligible (in our
case the interval between x values, the time data, is controlled by the image collection software) then
the standard deviation of the slope can be calculated as the square root of its variance, which is

calculated from eq. S30 considering error propagation:

5 no? (S31)

i i

If each y; measurement, instead, has a different error o;, then the variance of the slope is:

02—121 (832)
¢ DL

Where:

mox x

Dzzlz_l_ Z_L 2
0,440, —0;

(833)

i

For TFA-I and TFA-II, the error on linear growth rates were calculated using eq. S31, while the errors

on the derived quantities (i.e., volume growth rates) were calculated using eq. S32.

7.4. Error on the volume of TFA-IX crystals

Contrary to TFA-I and TFA-II crystals, whose volume was calculated using either eq. S15 (Section
5.11) or equation S21 (Section 5.12), the volume of TFA-IX crystals was calculated using the PPC
algorithm presented in Section 5.9. As a consequence, the propagation of error from experimental
measurements could not be directly calculated. Instead, the error on TFA-IX volumes was determined
by calculating upper and lower volume limits defined by the experimental errors of the defining facet

distances:
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Vupper/lower = f(dhkl * adhkl) (534)

The error on the volume was then calculated as:

[(V(dhkl) - Vlower) + (Vupper - V(dhkl))] (535)
2

O'V=

7.5. Error on averaged quantities

At least four single crystals were measured for each experimental solution concentration value. The

standard deviation of their average was calculated as:

N N
Zazi + Z Z Covfx,x)] (S36)

The standard deviations of individual growth rates were calculated as described in the section above.
The errors on the experimental concentration values were calculated by considering the sensitivity of

the balance used to measure the mass of solute and solvent used (Mettler Toledo, 1x10g).
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