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Analysis of the particle size distribution

A Mastersizer 2000 (Malvern) laser diffraction instrument was used for particle size
analysis. Integration time was 3000 ms. Theasurement range was set to 0.020
2000 & m, and 59 c o u.nForisamgle dispessiomtrederswithve r e u s €
1.0 barpressure wasised All measurements were carried out three times and the
average value was used.
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Figure S1. Particle size distributioof different fractions of mildronate dihydrate
sample

Moisture Sorption-Desorption isotherm

Mildronate AP was used for acquiring a sorption isothed® was prepared by
heatingDH at 100AC t emper at ur e. Approxi mately 0.8
each of ten containers. These containers were placed in humidity chambers where the
relative humidity was provided with saturated salt solutions and phosphorus
pentoxide. The salts usedrfthis experiment and the corresponding relative humidity
values were LiBr (6%), LiCl (11%), GI&OK (23%), MgCk (32%), NaBr (56%), KI
(68%), NaCl (75%), KCI (84%), ¥SQ: (97%) and also s (~0%)". Humidity
chambers were tAE€rmesmpatraduat aGHNHlcontaine
analytical balance (d=0.1 mg) until no notable change of mass was observed (except
for containers where sample deliquesced). At the end of the expertmenghase
composition of each sample was determined with PXRD. For desorption isotherm,
approximately 0.8 of mildronateDH sample stored at 22.5% relative humidity was
weighed into containers and inserted in the previously described humidity chambers
up to relative the humidity of 32%. The same analytical procedure as described for
sorption isotherm was used. Inorganic compounds for relative humidity control were
purchased from commercial sources and used without further purification.

From sorptiordesoption isotherm of mildronate at 26C t emper at ur e it
observed thaDH was stable in the relative humidity intat from 6 to 50% (See
Figure S2. Dehydration ofDH was observed only at 0% relative humidity akid
was obtained as the product. By usiig as a starting material, it was observed that a



small amount oDH formed at 6% relative humidity (~10% of tiAd® transformed
into the DH over 2 months), while fast transition ©H occurred at a higher
humidity. By PXRD it was determined that samplestamed eitheAP or DH. This
confirmed that MH was not thermodynamically stable at any of the examined
conditions. However, continuous monitoring of the phase itranswas not done.
Thus, it was not possible to exclude thi#1 as a possible transition state in the
transformation fronDH to AP or vice versa.
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Figure S2. Sorptioni desorption isotherm of mildronate (water content is given after
storing for 2 months)

Study of the mildronate DH dehydration

Figure S3. PXRD patterns of mildronate dihydrat@H), monohydrateNIH ) and
anhydrous phasé\P)



Dehydration of DH samples with different particle sizes (the particle size
distribution for various fractions is gimein Figure S1) was performed during
DTA/TG experiments at a heating rate oA JA minmpen pans under nitrogen flow.

One endothermic peak appeared with dehydration starting temperature befo® 50
and the peak thermal effect around@®A C ( S e e 4 (B)). Gou both of Shese
characteristic dehydration temperatures, a significantaanpf particle size was
observed dehydration of smaller particles was faster than that of bigger particles at
the same heating rate. When analysis of the same samples was performed at a higher
hating rate, the dehydration thermal effect was split in paxts (See Figurd). The
second endothermic effect was observed esatively sharp peak at 888AC. The
temperature of this second maximum was not affected by the heating rate or the
particle size, and it contributed more at higher heating ratetasgel particle sizes.
Changing the atmosphere from nitrogen flow to static air increased the dehydration
starting temperature and the maximum temperature, while also increasing the
contribution from this second maximum. It was also observed that for partjele

sizes (above 350m) after appearance of this second maximum the dehydration rate
dropped dramatically, and breaches appeared in the TG line (See Figure S5).
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The effect of the atmosphere on tkhehydration starting temperature and the
temperature of peak dehydration rate could be easily explained by the fact that
dehydration process was affected by the moisture content in the atmosphere. By
providing a dry nitrogen flow, water was effectively mred from the sample, thus
enhancing the dehydration rate. The effect of heating rate could be associated with the
total heating time, thus a higher conversion degree for given temperature was
obtained with slower heating rates. The observation that snpaliécles dehydrated

faster can be associated with the larger surface to mass ratio and it is known that
dehydration reactions typically start on the surface where the dehydration is
enhancet|

It was determined that the only factor affecting the dehydration peak position and
shape in the DSC experiments was the heating rate. When the heating rate was
1 Anin, detydration starting temperature decreased to the same value as was
observed in the VIPXRD experiment, although a sharp peak atA8Z was st i | |
observed (See Figure S6).

Heat flow, a.u

100 110
Temperature, °C

Figure S6.DSC curve of mildronatBH sample for fractionof 62 50 Om ( wi t h
heating rate - mi) n

In order to get more insight into the processes occurring during the dehydration of
DH and to explain observations from thermal analysis, dehydration-85@#@m and
350-700mm DH fractions wa analysed with hot stage polarized light microscopy.
When particles from the 6Z50nm fraction were heated at the rate oA& ntj n
sample darkening was observed atA7TC t emper ature and no furt
observed until the temperature of 14@ asweached (sdgégure ). When particles
from the 356700 mm fraction were analysed, the sample darkened &@2 When t he

temperature reached almost®@C, emanati on of | iquid water
of the crystals, and this process continued nufarther heating of the sample.
Bubbling of evolved water was observed above AGD, and the bubbling

upon further increasing of the temperature. In some of the experiments within the
temperature interval of 115 130AC s ome of rdmhtkee 359709nsnt al s f
fraction even exploded.



70 - 150 pm

Figure S7. Polarized light photomicrographs of the dehydration process of mildronate
DH (70-150Gm and 3567000m fractions).

60 °C 70 °C 85°C 85°C
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Figure S8. Polarized light photomicrographs of the dehydration processldfonate
DH single crystalat60 85UC and t he cross section of

Thus, above the peritectic temperatureildronate water solution formed by
abruptly slowing down the dehydration process, as observed in DTA/TG scans.
Crystal explosion most probably happened due to the fact that the newly fafned
surrounded the crystal, which temporarily blocked the release of whfter. the
peritectic temperature was reached, liquid water was released in the interior of the
particle. Water was not able to escape the particle, and increasing the temperature led
to a pressure increase, followed by disruption of the particle. Thisvalties agrees
with the appearance of branches in DTA/TG curves for larger particle sizes.

Parameters forcalculations inCRYSTALQ09

The level of accuracy in evaluating the Coulomb and exchange series was
control |l ed bfforwhich vatuésri® s0K A0’ dl8’ and 10** were
used as suggested in the literatyri@ order to avoid numerical instabilities in
computing the exact exchange contributions. For nuwaleintegration of the density
(75, 974)p, an extrlarge grid was adoptédThe irreducible Brillouin zone was
sampled using 170-goints (the shrinking factdrof the reciprocal space net was set
to 8). Levshift function with level shift of 1 hartree without locking wasediin order
to reach the convergence in energy. Full crystal structure optimization was done with
analytical gradients for the unit cell. For optimization procedure, the space group
symmetry of the original crystal structures was retained. Convergeriedgacifor
geometry optimization were as follows: maximum energy gradient/component =

0.00045, RMS energy  gradient/component = 0.0003, maximum
displacement/component = 0.0018, RMS displacement/component = 0.0012,
threshold for e#falingguy. change = 0. 1L10



Crystal structure correction

The crystal structures &P andMH had previously been determined from PXRD
data, thus only positions of ndtydrogen atoms were reportedvioreover, the
reported bond distances of carboxyl group oxygen atoms were not optimized but left
as in norconjugated systerfisThe structural information fokP andMH was taken
from the literature and improvements in the following order were applied: 1)
hydrogen atoms were added, 2) molecular cluster consistimgcentral molecule
surrounded by 12 closest neighbour molecules was prepared. Positions of central
mol ecul edbs carboxyl group oxygen atoms O1
nitrogen H1, hydrogen atoms of water molecules H15, H1®6A¢h and DH), H17
and H18 (inDH) , t o c e nt rHiihternmoledular hiydrioge® ondéd oxygen
(O1l6APiamd OmRHMW) ,i nt he hydrogen bound to cent
group (H1606) and hydrogen at om®MH®eewat er n
Fig. S2) wee optimized at the B3LYP#81G level inGaussian0@ It should be
remarked that the dihedral anglewas altered after this operation. 3) Positions of all
hydrogen atoms of the central molecule were optimized at the B3LYR#6level in
Gaussian09 For further calculations, the corrected structureABf and MH was
used. Correcte®H structure was used only for extraction of mildronate molecules to
calculate the intramolecular energy.

%’ H6 H8 4 H8
. 4 H11HE g
o/ 4
caH1
A

H10

Figure S9. Labeling scheme for atoms crystalstructures oDH, MH andAP used
for atom position optimization iGaussian09

The values of bond distances, angles, and dihedral angles, which were changed
during the crystal structure correction@aussian09n all three structures, are given
in Table 1S. All atom positions in fractional coordinates after optimization are given
in Table 2S. By comparing the obtained data with the results from crystal structure
optimization inCRYSTALOQ9it can be seen thatdte were only minor differences,
meaning that the procedure performedsaussian09vas reliable and the corrected
crystal structures were suitable for further use.



Table S1.Original and final values of mildronate molecblend lengths, angles and torsion angiscted by crystal structumrrectionin

Gaussian0%t the B3LYP/€31G levelandafter full structure optimizatiom CRYSTALO®t the B3LYRD*/6-31G(d,p) level

a1 optimization ofcentral moleculén molecule clustein Gaussian09 at the B3LYRBLGlevel
b full crystal structure optimization in CRYSTALOQ9 at the B3D¢-31G(d,p) level

Parameter — .A.P — — MH — — .D.H —
OriginaP  Optimized Optimized® OriginaP Optimized Originaf Optimized Optimized

d(0O1-C1) 1.21 1.275 1.270 1.21 1.279 1.257 1.276 1.258
d(02C1) 1.36 1.255 1.258 1.36 1.307 1.267 1.307 1.275
d(N1-H14) - 1.013 1.035 - 1.010 0.919 1.045 1.032
Angle(01C1-02) 1.20 124.7 125.65 120.0 123.1 123.7 123.1 123.3
Angle(01C1-C2) 1.20 119.9 115.64 120.0 118.2 118.5 120.4 119.2
Angle(C3N1-H1) - 1111 109.21 - 111.6 108.9 109.4 108.1
Torsion(O1C1-C2-C3) 175.1 -156.2 -179.6 45.3 47.8 51.4 49.0 52.8
Torsion(C2C3-N1-H1) - 55.3 63.14 - 48.0 57.0 52.2 52.3

Table S2 Fractional coordinates of all atoms afteystal structure correctian GaussianO@®ndfull structure optimization If€RYSTALO9

Code Gaussian09 CRYSTALO9

Form AP MH DH AP DH
01 0.7805 1.1208 0.8543 0.7081 0.2152 0.6783 0.4451 0.1202 0.6766 | 0.7576 1.1022 0.8876 0.4562 0.1272 -0.3267
C1 0.7252 1.0653 0.7254 0.6518 0.3032 0.5596 0.3205 0.0811 0.5923 | 0.7214 1.0680 0.7349 0.3237 0.0845 -0.4084
02 0.6117 1.0986 0.6356 0.7478 0.4510 0.3868 0.2144 0.1498 0.5172 | 0.6201 1.1154 0.6394 0.2020 0.1509 -0.4803
C2 0.7986 0.9477 0.6916 0.4686 0.2253 0.6141 0.3011 -0.0520 0.5702 | 0.8133 0.9603 0.6635 0.3096 -0.0537 -0.4255
H2 0.9200 0.9523 0.7236 0.4548 0.1026 0.5797 0.1738 -0.0681 0.5010 | 0.9374 0.9831 0.6658 0.1827 -0.0753 -0.4975
H3 0.7494 0.8823 0.7738 0.4306 0.3223 0.5180 0.4360 -0.0805 0.5480 | 0.7984 0.8867 0.7561 0.4503 -0.0830 -0.4432
C3 0.7743 0.9158 0.5035 0.3549 0.1695 0.8540 0.2797 -0.1270 0.6653 | 0.7693 0.9207 0.4791 0.2899 -0.1273 -0.3265
H5 0.8168 0.9878 0.4295 0.2309 0.0770 0.9000 0.3941 -0.1022 0.7380 | 0.8002 0.9910 0.3867 0.4067 -0.0990 -0.2525
H4 0.6530 0.9068 0.4739 0.4104 0.0935 0.9434 0.2993 -0.2203 0.6478 | 0.6433 0.9068 0.4698 0.3131 -0.2236 -0.3419




N1
H1
N2
C5
C4
C6
H9
H10
H11
H12
H13
H14
H6
H7
H8
03
H15
H16
04
H17
H18

0.8651
0.8388
0.8415
0.9502
0.8684
0.6832
1.0646
0.9316
0.9341
0.6699
0.5999
0.6650
0.8658
0.9812
0.7794

0.8103
0.7432
0.7676
0.6713
0.8616
0.7231
0.7067
0.6364
0.6047
0.6893
0.7918
0.6551
0.8220
0.8979
0.9267

0.4644
0.5433
0.2946
0.2645
0.1701
0.2708
0.2763
0.1383
0.3599
0.1430
0.2871
0.3631
0.0454
0.1929
0.1756

0.3399
0.3113
0.2170
0.0460
0.2160
0.2602
-0.0478
0.0331
0.0242
0.1719
0.2533
0.3890
0.1202
0.3404
0.1862
0.9950
1.1007
0.9141

0.3331
0.4208
0.2947
0.1992
0.4676
0.1838
0.2010
0.0581
0.2693
0.1744
0.0493
0.2553
0.4406
0.5367
0.5515
0.7438
0.7378
0.6252

0.8985
0.7920
1.1123
1.1544
1.1370
1.2696
1.3020
1.1748
1.0214
1.4277
1.2670
1.2306
1.2975
1.1131
1.0191
0.3183
0.3308
0.3580

0.0795
-0.0293
0.0215
0.1400
-0.1965
0.0452
0.2934
0.0739
0.1364
-0.2774
-0.2150
-0.2475
-0.0330
-0.0231
0.2036
0.5994
0.5402
0.4964
0.3112
0.2773
0.3248

-0.1003
-0.1124
-0.1773
-0.1432
-0.1520
-0.3075
-0.1736
-0.1856
-0.0477
-0.1797
-0.0575
-0.2034
-0.3291
-0.3549
-0.3291
0.0778
0.0876
0.1029
0.1251
0.2048
0.0573

0.6808
0.6081
0.7602
0.8706
0.7471
0.7430
0.8836
0.9288
0.8788
0.6664
0.7565
0.8062
0.6602
0.7977
0.7620
0.8884
0.8098
0.9270
0.9945
1.0179
1.0463

0.8630
0.8331
0.8322
0.9457
0.6667
0.8691
1.0619
0.9301
0.9219
0.5836
0.6471
0.6555
0.9870
0.7832
0.8638

0.8146
0.7471
0.7605
0.6584
0.7160
0.8458
0.6969
0.6136
0.5999
0.7885
0.6477
0.6807
0.8802
0.9171
0.7941

0.4376
0.5238
0.2657
0.2550
0.2461
0.1191
0.2640
0.1301
0.3659
0.2655
0.3450
0.1140
0.1356
0.1166
-0.0014

0.0863
-0.0216
0.0246
0.1439
-0.1986
0.0501
0.1360
0.3024
0.0758
-0.2158
-0.2789
-0.2555
0.2126
-0.0218
-0.0268
-0.3996
-0.4575
0.4896
0.3017
0.2762
0.3276

-0.1014
-0.1165
-0.1808
-0.1466
-0.1541
-0.3156
-0.0483
-0.1751
-0.1936
-0.0573
-0.1784
-0.2097
-0.3374
-0.3371
-0.3658
0.0736
0.0837
0.0980
0.1222
0.2031
0.0612

-0.3129
-0.3871
-0.2347
-0.1198
-0.2519
-0.2522
-0.1106
-0.1054
-0.0634
-0.2382
-0.3360
-0.1962
-0.2272
-0.3381
-0.2016
-0.1124
-0.1920
-0.0806
-0.0181
0.0095
0.0413

aw

b full crystal structure optimization in CRYSTALO9 at the B3D¥B-31G(d,p) level, lattice parametegivenin Tablel
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optimization ofcentral moleculén molecule clustein Gaussian09 at the B3LYRBLG level, lattice parameters unchanged



Analysis of the molecule conformation and hydrogen bonding

It is already stated that conformation of mildronatelecule is almost the same for
theDH andMH (see Table S3)lorsion angles OC1-C2-C3 (1) andC1-C2-C3-N1

(t2) in AP are significantly different thathosein DH and MH. Hydrogen bond
geometry oDH, MH andAP is presented ifable S4 Geometry of hydrogen bonds

in MH and AP structures was determined after structure correction at the B3LYP
level. Analysis of hydrogen bonding motifs in crystal structure showedittkiatsion
related mildronate moieties in crystal structuresDéf and MH form N1-H1> O2
hydrogen bonded dimers with graph 3étp ¢ (SeeFigure 30 (a)). Additionally,
mildronate carboxyl groups and water moleculesMiH form OHL L L O hydr ogen
bonds with second order graph 3étp ¢ (See Fig. $1). In crystalstructure ofbH

four water molecules form hydrogen bond&d ¢ motifs (See Fig. §1). Water
molecules are connected to mildronate molecules by infinitea) and 6 p ¢
chains (See Fig.19). In AP crystal structure mildronate molecules form-N1> O1
hydrogen bonded chres designated by C(6) graph set (Segure S0 (b)).

Table S3 Torsion angle values of the mildronate molecule in all three crystal
structures

Angle 01-C1-C2-C3 C1-C2-C3N1 C2-C3N1-N2 C3N1-N2-C4
tg, © to, © ts, ° tg, ©
DH?® 514 69.4 172.1 -169.2
MH © 45.3 74.6 1715 179.2
AP 175.1 171.6 175.5 54.0
APcor? -156.2 171.6 175.5 54.0

27 optimization of central molecule in molecule cluster Gaussian09 atthe
B3LYP/631G level

Table S4 The geometric parameters and graph set assignments of hydrogen bonds in
mildronate crystalline phases

" DHA, Graph set

Hydrogen bond Symmetry D-H, HLLL/DA, ° notation
DH
NI H1LLL: -X, -y, 1-z 0.919 2.004 2920 1755 Y pg
045 H18: OB 1-x,-y,2-z 0.988 1.775 2.728 161.1 '
033 H16: oK’ X,Y,Z 1.171 1594 2760 1735 v
045 H17L 1oP X,1/2-y,1/2+z 0.777  0.955 2.714 165.4
030 H15: o1 X,Y,Z 0.786 1.941 2.719 170.3
MH
N1d H1L LOR 1-x,1-y,1-z 1.040 1.742 2779 17744 Y p ¢
035 H16L loPr X,Y,Z 0.991 1.782 2.748 164.1 '
035 H15: 1ot 2-x,1-y,1-z 1.002 1.675 2.657 165.6 voPe
AP

N16 H1L 1Ok 1,5x,1/2+y,1.5z 1,013 1,925 2.894 159.0 0o

11
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Figure S10. Hydrogen bonding motif connecting mildronai®lecules (a) idH and
MH and (b) inAP
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Figure S11. Hydrogen bonding motif formed by water moleculeDid (a), and by
water and mildronate moleculesMH (b) andDH (c and d)

Figure S12. Molecular packing and hydrogen bonding network in the crystalline
forms of mildronatel{ydrogen atoms have been omitted for clarity
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Analysis ofthe potential energysurface (PES)scans

In order to examine the potential energy surface (PES) of obseovddrmations
with respect to other available conformations all four torsion angles were scanned at
the MP2/631G(d,p)levelwi t h st e pwhie corfornmation foo the rest of the
molecule was maintained as observed whethebkh or AP structure. For this
analysis mildronate molecule was extracted from nonoptimiziddstructure with
atom coordinates as the literature and frorAP structure correctedt the B3LYP/6
31G level. PES scans with marked torsion angles as observed in expalime
structures are presented in Figud83t can be seen that the form of PES scans with
respect to the same torsion angle slightly depends on the conformation of the rest of
the molecule although th@ositions of minimums and maximums are generalyhat
same angles.

Minimums in the PESscan with respect ttorsion anglet; (Figure 93) can be
associated with GBI” O1 (in experimentalDH structure) and GB” O2 (in
experimental AP structure) interaction while maximums are associateith
intramolecularinteractions N1 O1 and N1 O2. Inthe scan with respect torsion
angletz global minimum is observed when ramolecular hydrogen bonding N1
H”> O1 (in DH) and NXH” O2 (in AP) is present maximum att> = O is related to
eclipsed conformation where ND1(8) interaction is observed but local minimums
are due to CGH” O1 (in DH) and C3H” O2 (in AP) intramolecular interaction.
Energy difference between global minimum and global maximum is high&Pin
structure due to shorter distances in observed interacttoqerimental structures
correspond to different local energy minimums. Energy maximum iscan is
associated with close @1” H-C4 and CiH” H-C6 interaction inAP and with
methyl group close interaction with carboxyl group and with closeHZH-C5 and
C1-H” H-C6 interaction irDH. Although it seems that froim = 100 to-100° there is

a plateau with the same energy, closer look reveal$\th& located in globa¢nergy
minimum while DH in local minimum. Energyscan of ts corresponds to
conformationaknergy diagram forotation around single bond with observed crystal
structures situated in globahergyminimums.

o AP
140 - $e = DH
204 . N
20 . 120
100

ot
80+

AE, kl-mol ™

* . ] ...I
. . . . u " -
10 " &0 n
3] L] -
J b A . b Ol
. .
S . 40
.
.
. 0 '(5 204
.
o

"
0 T L

= DH

AP
& DH
&0 [ AP

.
. seey,
ommapesselfet =  sessssnpefl 0 . . : . & :
-150 -100 -50 0 50 100 150 -150 -100 -50 1] 50 100 150

Figure S13. PESscansof mildronate moleculgith respect t@netorsion antg (the
rest of the moleculevasfixed atconformation observed IDH or AP structureg
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By analysing the PES graphs with respect to one dihedral angle, it was calculated that
the energy barrier necessary for conformation changes during the transitiodHrom

to AP was 15 k@nol? for changingti, 10-25 kIinol? for changingt,, and 3640
kJ@nol! for changingts. From these results it can be seen that the activation energy
necessary for conformation changes was slightly lower than typical energy barriers in
phase transitions.

To more realisticallyevaluate the activation energy necessary for transformation of
molecular conformation, PES graphs with respect to two dihedral angles were created
as well. In this transition fro®H to AP, where the dihedral anglés andts did not
change, a pathway where simultaneous changes dihedral daagle® could be
important.

PES with respect to two adjacent torsion angle change of all three adjacent torsion
angle combinationwere performect the B3LYP/631G level with step size5S1A f or each
dihedral angleand it was observed th&ES for torsion anglet;-t> andto-tz are
basically the same f@H andAP conformations while PES scan for torsion arigle

t4 changes is different for both structures. All three PES scari3Hostructure and

ts-t4 scan forAP is showed in Figure Slbut the rest two scans féP structure are
shown in Figure S. Energy minimums observed in PES scan with respeatttol

and 1" and minimum 2 in scan with respect i€z corresponds tantramolecular
hydrogen bond NH” 01(02), but minimum 3 corresponds to weak intramolecular
hydrogen bond G5” O1 inDH and C3H” O2 in AP. Energy maximum in PES scan

with respect toti-t> corresponds to N101 and N1 O2 interaction. In scan with
respect toti-t> DH and AP structures are located in local energy minimums and
changes from one conformation to second one is associated with energy barrier
20kJtnol. In PES scan with respect ta-ts conformation as inAP structure
corresponds to global minimum without specific interaction. HowevebHnglobal
minimum 4 corresponds to &% O1 interaction. Energy maximums in PES scans
with respect tot>-tz and tz-t4 correspond to unrealistic overlapping of atoms or
unreaistically short intramolecular distances explaining huge energy difference
comparing with observed conformations.
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Figure S14. PES scan®f mildronatemolecule with respect to two adjacent torsion
angles while the rest of the molecule was fixed at conformation observe#i in
structure (except bottom right where the rest of the molecule had conformation as in
AP structure)

Figure S15. PES scansof mildronate molecule where two adjaceatsion angles
were changed whilehe rest of the moleculevasfixed at conformation observed in
AP structure

Optimization of the molecule @nformation of mildronate in DH and AP
structures

Torsion angleoptimization of of mildronate molecule surrounded by 12 closest
molecules was performead Gaussian0%t the B3LYP/631G levelfor both DH and

AP structures. This procedure was repeated several times by updating the
conformation of surrounding molecules with the goal to prove that observed
conformation is the most stabie the experimental crystal structugeFull crystal
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