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Mixed crystal, ‘solid solution’, is a solid phase with similar behaviour to the
liquid solution in which the ratio of two or more components can vary freely
without the generation of a new phase.

Jakobs Henriks van't Hofs, 1890
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ANOTACIJA

Cieto Skidumu veidoSanas un fizikalkimisko 1pasibu raksturojsums péc uzbiives
lidzigu organisko molekulu vairakkomponentu sistémas. Sarstins, K., zinatniskie
vaditaji asoc. prof., Dr. chem. Bérzins, A. un pétn., Dr. chem. R&kis, T., zinatniskais
konsultants vad. pétn., Dr. chem. Kons, A. Zinatnisko publikaciju kopas kopsavilkums
fizikalas kimijas apaksnozar€, 51 lappuses, 32 attéli, 6 tabulas, 44 literatiiras avoti.
Latviesu valoda.

Darba pétita cieto skidumu veidoSanas starp vairakam molekularas struktiiras zina
lidzigam organiskajam cietvielam: farmaceitiski aktivajam vielam benperidolu un
droperidolu, kas atSkiras ar vienkar$as/divkar$as saites esamibu starp diviem oglekla
atomiem, modelvielam aizvietotam nitrobenzoskabém, kas atSkiras ar aizvietotaju
(halogéna atoms / metilgrupa / hidroksilgrupa) un, ksantonu un tioksantonu, kas atskiras
ar S/O atomu, ka arT luminoforiem tioksantona atvasinajumiem, kas atSkiras ar halogéna
atomiem. Katra no pétitajam sistémam, veicot vielu maisijumu kristalizaciju dazadas
vielu attiecibas, izmantojot pulvera rentgendifraktometriju un no termiskas analizes
datiem konstrugtas fazu diagrammas, noskaidrota vielu $kidiba vienai otra. Benperidola
solvatétas kristaliskajas struktiras. Noteikts, ka visos gadijumos cieto S$kidumu
veidoSanos nosaka gan lidziba starp apmainamo aizvietotaju vai grupu st€riskajam
ipasibam un starpmolekularo mijiedarbibu veidosanas sp&ju, ka ar kristaliska struktiira,
kura notiek aizvietotaju vai grupu apmaina, atskirigu starpmolekularo mijiedarbibu del.
Ar kvantu kimiskajiem aprékiniem noveértéts, vai cieto skidumu veidoSanas izraisita
starpmolekularo mijiedarbibu izmainu noteikSana lauj paredzet cieto Skidumu veidoSanas
varbiitibu. Noteikts, ka §ada pieeja ir deriga sisteéma benperidols — droperidols, kura cieto
Skidumu veido$anas saistas ar nelielam molekularas struktiiras izmainam, turpreti ta nav
izmantojama aizvietotam nitrobenzoskabém, kuras molekularas struktiras izmainas
izraisa biitiskas atSkiribas vielu veidotajas strpmolekularajas mijiedarbibas. Cietajiem
Skidumiem starp tioksantona atvasinajumiem pétitas arT luminiscences pasibas, nosakot,
ka dazos no cietajiem skidumiem pat neliela sastava izmainas nodroSina bitisku
luminiscences Tpasibu mainu, turpretl citos biitiskas sastava izmainas minimali ietekmé
luminiscences Tpasibas.

Atslégvardi: cietais Skidums, termiska analize, rentgendifrakcija, divkomponentu fazu
diagramma, luminiscence, aprékinu kimija
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APZIMEJUMU SARAKSTS
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HMDS heksametildisiloksans
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Me metilgrupa

MeOH metanols

NBA nitrobenzoskabe

PXRD pulvera rentgendifraktometrija
Siidinatajs solvats

SCXRD monokristala rentgendifraktometrija
SS cietais skidums

TG termogravimetrija

TX/TXANT tioksantons

XAN ksantons

XRD rentgendifrakcija

'H KMR protonu kodolmagnétiska rezonanse
I (u.c.) forma I polimorfa (kristaliska) forma

D kvantu iznakums
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IEVADS

Cietie Skidumi starp neorganiskajam vielam ir plasi pétitas un labi zinamas cietas
fazes, kuras materiala uzbiive un ipagibas ir atkarigas no komponentu sastava. Sadas fazes
un to nodrosinata Tpasibu maina ir plasi sastopamas tadas materialu klasés ka metalu
sakausg€jumos, mineralos, keramikas u.c. Turpreti p&tjjumu par cieto Skidumu veidoS$anos
starp organiskajam vielam ir biitiski mazak!. V&l jo vairak, ir pamatoti uzskatit, ka cietie
$kidumi starp organiskam vielam un to izveides rezultata izmainitas fizikalas Tpasibas lidz
§im biezi ir tikugi atstati bez ievéribas un detalizétas izp&tes?. Tomer interese par cieto
Skidumu veidosanos starp organiskajam cietvielam p&dgjas desmitgades laika ir butiski
pieaugusi, uz ko skaidri norada pieaugums zinatnisko publikaciju skaita, kas péta So
paradibu, galvenokart, parbaudot lidz Sim pienemtas un izsakot jaunas hipotézes
kristalinZenierijas joma®*. Papildus tam, cietie $kidumi paver perspektivu iesp&ju
materidla Tpas§ibu moduléSanai, mainot komponentu sastavu nepartraukta veida®. Tiesa,
vélamajai Tpasibai jabiit piettkami jutigai attieciba pret cieta §kiduma sastavu®.

Kristalinzenierijas pieeja tiek izmantota, lai dizain&tu un uzlabotu tadas nozimigas
kristalu fizikalas un/vai kimiskas pasibas ka $kidibu’®, kuSanas temperatiiru®, nelinearas
optiskas!® un mehaniskas Tpasibas. Pakapeniska ipasibu regulésana var tikt panakta,
kimiski modificgjot molekulas, proti, izmainot kadu no aizvietotdjiem molekularaja
strukttira!?. Tomér izveidot viennozimigu kristalinZenierijas stratégiju, kas lautu uzlabot
§is Tpasibas nepartraukta veida, nav vienkarSs uzdevums. Jau vairakus desmitus gadus
atpakal Kitaigorodska darbos®®!4 ir aprakstits, ka lielu lomu taja, vai cietais $kidums starp
konkrétiem savienojumiem spés veidoties, spele lidziba aizvietojamo molekulu izméra
un forma, un cieto $kidumu veido$anas galvenokart ir saistita ar tiru komponentu
struktiiru [1dzibu®® jeb izomorfismu®. Tomer kops $1 laika iegiitais kristalografisko datu
kopums rada, ka Kitaigorodska atrastas likumibas nav pilnigas un ir nepiecieSama to
parskatiSana un attistiSanal’.

Lidz §im cieto Skidumu veidoSanas sp&ja ir noverota un pétita starp uzbiives zina
lidzigam organiskam molekulam, kuras atSkiras ar F/H atomu'®; aizvietotdju (halogéna
atoms un halogéna atoms/metilgrupa)®®; ar S/O atomu?; ar heteroatoma
esamibu/neesamibu aromatiskaja gredzena?!, utt. Lai gan, nemot véra lidzsingjo p&tijumu
rezultatus, varétu tikt definéti visparigi un empiriski kritériji, kas lautu noteikt cieto
Skidumu veidoSanas sp€ju starp strukturali [1dzigam molekulam, literatiira ir aprakstiti
gadijumi, kuros pat loti lidzigas molekulas tomér nespéj veidot cietos §kidumus?’.

Lidz ar to sistematiskai datu iegiiSanai par to, vai strukturali lidzigas organiskas
molekulas spgj aizvietot viena otru kristaliskaja struktiira, nodrosinot cieto $kidumu
veidoSanos, ir augsta zinatniskda aktualitate, un ir nepiecieSama detaliz€ta dazadu
individualu sistému izpéte, lai identificétu galvenos faktorus, kas lautu formulét
visparigas likumibas un modelus, ar kuru palidzibu varétu paredzet sadu fazu veidosanas
varbiitibu. Sim nolikam pétfjumiem izvélétas gan loti lidzigas molekulas ksantonu un
tioksantonu, kas at$kiras ar S/O atomu, gan aizvietotas nitrobenzoskabes, kas atkiras ar
aizvietotaju (halogéna atoms / metilgrupa / hidroksilgrupa) un starp kuram cieto §kidumu
veidoSanas pétita dazados vielas izoméros, gan farmaceitiskas vielas benperidols un
droperidols, kas atSkiras ar vienkar$as/divkarsas saites esamibu starp diviem oglekla
atomiem, starp kuram papildus pétita cieto $kidumu veidoSanas dazadas $o vielu veidotas
nesolvatetas un solvatétas fazes.



Jaatzimée, ka tikai dazos no IidzSingjiem pétfjumiem cieto skidumu veidoSanas ir
skaidrota ar kvantu kimiskos aprékinos iegfitam energijas izmainam, lai gan §adi aprékini
ir viens no veidiem, kas lautu nonakt 1idz min&tajam likumibam un modeliem. Lidz ar to
sadi petijumi veikti gan starp uzblves zina relativi atSkirigakajam aizvietotajam
nitrobenzoskabém, gan relativi lidzigakajiem benperidolu un droperidolu to dazadas
kristaliskajas fazes.

Papildus tam, 11dz§ingjos p&tijumos ar organiskam vielam pamata veikta tikai cieto
Skidumu veidosanas identificeSana un kristalografiska analize, bet ir maz p&tjjumu par
$adu cieto Skidumu iesp&jam izmainit industriali nozimigas fizikalas Ipasibas. Lidz ar to
pétijumiem papildus izveléti tioksantona atvasindjumi, kas atSkiras ar halogéna atomiem
un ir istabas temperatiiras luminofori, un kuriem bez cieto $kidumu veidoSanas izp€tes
veikta arT iegtito fazu luminiscences 1pasibu raksturoSana.

Promocijas darba mérkis un uzdevumi

S pétijuma mérkis ir, izmantojot gan eksperimentalos pétijumus, gan kvantu kimijas
aprékinus, identificét galvenos faktorus, kas nodrosina cieto $kidumu veidoSanos starp
uzbtives zina lidzigam organiskajam molekulam, ka art iegt kristaliskas fazes ar smalki
regulgjamam fizikalkimiskajam 1pasibam.

Izvirziti §adi uzdevumi:

1) raksturot cieto §kidumu veido$anas iesp&jas dazadas divkomponentu sisteémas,
balstoties uz informaciju par attiecigo kristalisko fazu daudzveidibu, un raksturot
ieglito cieto Skidumu strukttiras un termodinamisko stabilitati fazu diagrammu
veida;

2) noskaidrot tioksantonu atvasinajumu veidoto cieto $kidumu luminiscences

pasibas un to mainu atkariba no komponentu sastava, lai iegfitu jaunus materialus
ar smalki regul&§jamam luminiscences Tpasibam;

3) veikt kvantu kimiskos aprékinus benperidola un droperidola, ka ari aizvietoto
nitrobenzoskabju veidotas cieto $kidumu modelu strukturas, lai noskaidrotu
iespgju izmantot starpmolekularo mijiedarbibu energijas izmainas cieto $kidumu
veidoSanas iesp&jamibas noverteSanai dazadas kristaliskajas struktiras.

Tezes

1. Molekulas sp&ju aizstat vienai otru dazadas fazés nosaka gan Iidziba apmainamo
funkcionalo grupu T1pasibas un veidotajas raksturigajas starpmolekularajas
mijiedarbibas, gan ar1 fazes kristaliska struktira.

2. Cieto skidumu veidoSanas pieeju ir iesp&jams izmantot, lai smalki regul&tu organisko
luminoforu fizikalas ipasibas.

3. Starpmolekularo mijiedarbibu energijas izmainu analize, modelgjot cieto $kidumu
veidoSanos, ir izmantojama cieto $kidumu veidoSanas varbitibas noteikSanai starp
uzbtives zina pietiekosi lidzigam molekulam.

10



Zinatniska novitate
Konstrugtas dazadu divkomponentu sistemu fazu diagrammas, raksturojot petito cieto

Skidumu termodinamisko stabilitati, ka ar1 identific§jot dazadas $adas sist€mas
sastopamas sarezgitibas (tai skaita, iesp&jamibu iegiit cieto $kidumu polimorfus).

Noteikti cieto kidumu veido$anos regulgjosi faktori starp molekularas uzbives zina
lidzigam organiskajam vielam (izmainits kads no atomiem vai funkcionalajam
grupam), ka arT kristaliskas struktliras un tajas pastavoSo starpmolekularo
mijiedarbibu loma cieto skidumu veidoSanas procesa.

legiiti luminiscenti materiali ar smalki regul€§jamam luminiscences Tpasibam, kas lidz
$im organisko molekulu veidotas sistémas tikpat ka nav pétiti.

Iegiti jauni cietie $kidumi, t. sk. cietie $kidumi vairakas F-TXANT, gan CI-TXANT
polimorfajas formas So vielu binara sisteéma, kas uzrada atSkirigas luminiscences
Tpasibas.

Analizgjot kvantu ktmisko aprékinu rezultatus dazadas binaras sisteémas, demonstréta
starpmolekularo mijiedarbibu energijas izmainu analizes metode un tas pielietojums
cieto Skidumu veidoSanas iesp&jamibas noteik$anai dazadas kristaliskajas struktiiras.

Praktiska nozime

Izvirziti jauni priekslikumi un risinajumi, lai palidzétu iegiit jaunus materialus ar
modificétam fizikalajam Tpasibam, tai skaita luminiscences Tpasibam un kuSanas
temperatiiru, ka arT apzinatas cieto Skidumu veidoSanas likumibas starp uzbtves zina
lidzigam organiskajam vielam, giistot izpratni par strukturalajiem un mijiedarbibu
energijas faktoriem.

Iegati jauni optoelektronikas materiali, balstoties uz zina$anam par savienojumu
molekularajam un kristaliskajam struktiram, tadejadi demonstrgjot iesp&ju ar
kristalinZenieriju veidot pievilcigus molekularu kristalu materialus ar smalki
reguléjamam (no komponentu sastava atkarigam) luminiscences ipasibam.

Starpmolekularo mijiedarbibu energijas izmainu aprékinos noteiktas informacijas
salidzinasana ar eksperimentalajiem datiem, ieglita informacija par $adas aprekinu
izmantoSanas iespgjam cieto Skidumu veidoSanas paredzeSana, ko talak iespg&ams
izmantot, izstradajot visparigu aprékinu metodiku cieto Skidumu veidoSanas
paredzgSanai.
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publikacijas rakstisana (75%,), noformeéja pétijuma rezultatus atbilstosi zurnala
prasibam, ka art sniedza ieguldijumu, sagatavojot atbildes uz recenzentu
Jjautajumiem un aizradijumiem.
Sarsins, K., Kons, A., Rekis, T., Bérzins, A. Experimental and computational study
of solid solution formed between substituted nitrobenzoic acids. Crystal Growth &
Design, 2023, 23(9), 6609-6622. DOI: 10.1021/acs.cgd.3c00529 (Web of
Science/Scopus, Q2/Q1, 1Fz3 = 4.010).

K. Sarsans izstradaja 90% no eksperimentald darba apjoma, sniedza ieguldijumu
publikacijas rakstisana (75%), noforméja pétijuma rezultatus atbilstosi zurnala
prasibam, ka ari sniedza ieguldijumu, sagatavojot atbildes uz recenzentu
Jjautdjumiem un aizradijumiem.
SarSiins, K., Kons, A., Leduskrasts, K., Klimenkovs, 1., Beérzins, A., Rekis, T.
Modulation of physico-chemical properties via solid solution formation of
thioxanthone derivatives. Manuskripts izstrades procesa.

K. Sarsans izstradaja 15% no eksperimentala darba apjoma, sniedza ieguldijumu
publikdcijas rakstisana (60%,) un noforméja pétijuma rezultatus atbilstosi Zurnala
prasibam.

*Recenzéts zurndls, kuru izdod American Chemical Society (ISSN: 1528-7505)
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Konferences

ST pétijuma rezultati prezentéti mutiski tris starptautiskajas zinatniskajas konferencés
(no tam divas Latvijas Universitates) un stenda referata forma trispadsmit starptautiskajas
zinatniskajas konferences gan attalinati, gan klatien&.

Divkomponentu sistema ksantons — tioksantons

e Sarsins, K., Karzinins, A., Leduskrasts, K., Bérzins, A., Rekis, T. Formation of solid
solution in xanthone derivative systems exhibiting luminescence properties.
University of Latvia 79th International Scientific Conference, 12. februaris, 2021,
TieSsaiste. (mutiska prezentacija/ t€zu gramata)

e Sarsins, K., Karzinins, A., Leduskrasts, K., Bérzins, A., Rekis, T. Formation of solid
solution in xanthone derivative systems exhibiting luminescence properties. 64th
International Conference for Students of Physics and Natural Sciences, 16. - 19.
marts, 2021, TieSsaiste. (stenda referats/ tézu gramata/ sertifikats)

o Sarsins, K., Karzinins, A., Leduskrasts, K., Bérzins, A., Rekis, T. Formation of solid
solution in xanthone derivative systems exhibiting luminescence properties. 11th
Belgian Crystallography Symposium, 17. marts, 2021, TieSsaiste. (stenda referats/
téZu gramata/ sertifikats)

e Sarsiins, K.5, Karzinins, A., Leduskrasts, K., Bérzing, A., Rekis, T*. Modulation of
luminescence spectra via solid solution formation of xanthone derivatives® /
Formation of solid solution in xanthone derivative systems exhibiting luminescence
propertiest. BCA/BACG Online Joint Spring Meeting, 29. marts - 1. aprilis, 2021,
TieSsaiste. (stenda referats®/mutiska prezentacija!/ tézu gramata® ¥/ sertifikats)

8.1 _ prezentétajs.

e Sarsians, K., Bérzins, A., Rekis, T. Solid solution formation in xanthone —
thioxanthone binary system: experimental investigation. 23rd International
conference EcoBalt 2023, 9. - 11. oktobris, 2023, Tallina, Igaunija. (stenda referats/
te€Zu gramata/ sertifikats/ specializdevums MDPI Zzurnala — Proceedings, 2023, 92(1),
67. DOI: 10.3390/proceedings2023092067)

Dazadu aizvietotu nitrobenzoskabju divkomponentu sistemas

e Sarsins, K., Bérzins, A. Computational prediction and experimental confirmation of
solid solution formation from different nitrobenzoic acid derivatives and their
isomers. 61st International Scientific Conference “Materials Science and Applied
Chemistry*, 23. oktobris, 2020, Tiessaiste. (stenda referats/ t€Zu gramata)

e Sarsins, K., Bérzins, A. Computational prediction and experimental confirmation of
solid solution formation from different nitrobenzoic acid derivatives and their
isomers. 2nd International Online Conference on Crystals, 10. - 20. novembris, 2020,
TieSsaiste. (stenda referats/ t€zu gramata)

o Sarsins, K., Bérzin§, A., Rekis, T. Structural and energetic factors that contributes to
solid solution formation between different nitrobenzoic acid derivatives and their
isomers. 63rd International Scientific Conference “Materials Science and Applied
Chemistry“, 21. oktobris, 2022, Tie$saiste. (stenda referats/ t€Zu gramata/ sertifikats)
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Sarsiins, K., Kons, A., Rekis, T., Bérzins, A. Experimental and computational study
of solid solution formed between substituted nitrobenzoic acids. 12th Bologna
Convention on Crystal Forms, 10. - 12. septembris, 2023, Bolona, Italija. (stenda
referats/ t€zu gramata/ sertifikats)

Divkomponentu sistema benperidols — droperidols

SarSiins, K., Berzins, A. Experimental and computational investigation of benperidol
and droperidol solid solutions in different crystal structures. 26th Congress and
General Assembly of the International Union of Crystallography, 22. - 29. augusts,
2023, Melburna, Australija. (stenda referats/ t€zu gramata/ sertifikats)

DaZadu tioksantona halogenatvasindjumu divkomponentu sistemas

Sarsins, K., Leduskrasts, K., Bérzins, A., Rekis, T. Formation of solid solution in
thioxanthone derivative systems exhibiting luminescence properties. 11th Bologna
Convention on Crystal Forms, 10. - 11. septembris, 2021, TieSsaiste. (stenda referats/
téZu gramata/ sertifikats)

Sarsiins, K., Leduskrasts, K., Berzins, A., Rekis, T. Modulation of luminescence
spectra via solid solution formation of thioxanthone derivatives. 22nd International
conference EcoBalt 2021, 21. - 23. oktobris, 2021, Tiessaiste. (mutiska prezentacija/
téZu gramata/ sertifikats)

Sarsins, K., Leduskrasts, K., Bérzins, A., Rekis, T. Modulation of luminescence
spectra via solid solution formation of thioxanthone derivatives. 62nd International
Scientific Conference “Materials Science and Applied Chemistry*, 22. oktobris,
2021, Tiessaiste. (stenda referats/ tézu gramata/ sertifikats)

Sarsiins, K., Bérzins, A., Rekis, T. Fine-tuning solid state luminescence properties of
molecular crystals via solid solution formation. University of Latvia 80th
International Scientific Conference, 11. februaris, 2022, TieSsaiste. (mutiska
prezentacija/ teZu gramata)

Sarsins, K., Leduskrasts, K., Bérzin§, A., Rekis, T. Fine-tuning solid state
luminescence properties of molecular crystals via solid solution formation. 30th
Annual Meeting of the German Crystallographic Society, 14. - 17. marts, 2022,
TieSsaiste. (stenda referats/ tézu gramata/ sertifikats)

Sar§iins, K., Leduskrasts, K., Beérzin§, A., Rekis, T. Fine-tuning solid state
luminescence properties of molecular crystals via solid solution formation. 17th
European Powder Diffraction Conference, 31. maijs - 3. junijs, 2022, Sibenika,
Horvatija. (stenda referats/ t&Zzu gramata/ sertifikats)



1. PROMOCIJAS DARBA TEORETISKIE PAMATI UN PETITAS
SISTEMAS

1.1. Cieto Skidumu  struktira un termodinamiskais
raksturojums

Cieto Skidumu struktiira

Cietie Skidumi ir kristaliskas fazes, kas sastav no vismaz diviem komponentiem
noteiktas robezas brivi mainama attieciba. Atkariba no komponentu $kidibas, cietie
Skidumi tiek iedaliti divos tipos, t. i., pilnigas komponentu un dal&jas komponentu
$kidibas cietajos Skidumus (sk. 1.1. att.):

e cietos Skidumus ar komponentu pilnigu (neierobezotu) savstarpgjo $kidibu
novéro, kad vienas vielas molekulas ieskist otras vielas kristaliskaja struktira
pilna koncentracijas diapazona;

e cietos Skidumus ar komponentu dalgju (ierobezotu) savstarp&jo $kidibu
novéro, kad vienas vielas molekulas var ieskist otras vielas kristaliskaja
strukttira tikai lidz zinamai koncentracijai’.

]

5:1 1:1 1:5

Cietais Skidums ar : .
pilnigu komponentu $kidibu Eitektika

Cietais $kidums ar
dalé&ju komponentu $kidibu

[y Cietviela  [Bm Izostrukturila cietviela A Neizostrukturala cietviela

1.1. att. Cieto $Skidumu veidoS$anas starp organisku cietvielu molekulam shematisks

attelojums?,

Cieto Skidumu termodinamiskais raksturojums

Konstrugjot divkomponentu fazu diagrammas, iesp&jams noskaidrot cieto $kidumu
veidosanas iesp&jamibu, ka arT tos raksturot, pieméram, nosakot komponentu sajauksanas
attiecibu robezas un termodinamisko stabilitati. 1.2. attéla redzamas pamata fazu
diagrammas, kuras iesaistiti cietie Skidumi.
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1.2. att. Divkomponentu sistemu faZu diagrammas sisttemam ar cieto $Skidumu veidoSanos
(ar pilnigu (a) — (C) un dal€ju (d) komponentu sajauk$anos).

Literatlira zinots par organisko cietvielu sp&ju sajaukties pilniga'®??* un dalgja
kompozicijas diapazona®?’, Fazu diagrammu konkrétam savienojumam defing cietfazu
termodinamiska daba. Gadijumi (a) un (b) att€lo organisko cietvielu sajaukSanos visa
kompoziciju apgabala, attiecigi veidojot neidealus cietos Skidumus ar maksimalo un
minimalo kuSanas temperatiiru kada noteiktd komponentu attieciba, bet (c¢) gadijuma
idealu cieto Skidumu, kura kuSanas temperattiras maksimums un minimums atbilst tiriem
komponentiem. Cietfazes A un B $ajos gadijumos ir izostrukturalas. Savukart (d)
gadijuma ierobezota sajaukSanas skaidrojama ar to, ka pie noteikta sastava cieta skiduma
struktiira vairs nav termodinamiski stabila, un ta vieta veidojas mehanisks divu fazu (cieto
Skidumu ar robezgadijuma sastavu) maisfjums. SajaukSanas apgabala platumu un citas
kvantitativas fazu diagrammas TpasSibas nosaka cietfazu A un B fizikalkimiskas Tpasibas
— kusanas entalpijas un kuSanas temperatiiras.

1.2. Cieto Skidumu pétijumi, izmantojot dazadas fizikalas
cietfazu pétisSanas metodes

Cieto skidumu identifikacijai ir pieejamas daudzas fizikalas cietfazu pétiSanas
metodes un to kombinacijas, no kuram visbiezak izmantotas ir pulvera rentgendifrakcija
(PXRD), diferenciali skengjosa kalorimetrija (DSC), un komponentu daudzuma
noteik§anai — kodolmagnétiskas rezonanses spektroskopija (KMR) un augsti efektiva
$kidruma hromatografija (AESH), savukart, to struktiru detalizétai raksturo$anai
visbiezak tiek izmantota monokristala rentgendifrakcijas (SCXRD) analize. Saja darba
tika petitas ar1 ieglito cieto Skidumu cietfazu luminiscences 1pasibas, izmantojot
fotoluminiscences spektroskopiju. Lai riipigi analizetu cietos $kidumus, ir nepiecieSams
izmantot dazadas pieejas, jo katra no fizikalajam cietfazu petiSanas metodém sniedz
unikalu, bet ierobezotu informaciju par fazi. Kopsavilkums par fizikalo cietfazu pétisanas
metozu pielietojumu dazadu cieto Skidumu raksturlielumu noteikSana dots 1.1. tabula.
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1.1. tabula.

Fizikalo cietfazu pétiSanas metoZu pielietojums cieto $kidumu raksturo$anai®?®

Pétisanas metode

Pielietojums Luminiscences

spektroskopija®
Kristaliskas fazes
identifikacija v 4 v Vv v

Kristaliska struktiira v v

SCXRD PXRD KMR AESH DSC TG

Molekulu geometrija v

Udenraza sai$u

mijiedarbibas (t. sk. vajas v v
mijiedarbibas)

Termiska stabilitate v v v
Stehiometrijas noteik$ana v v v v

<
<«
g

Fazu parejas v
KuSanas temperatiira v
Desolvatacija/-hidratacija v v

Luminiscences Ipasibas v

2 — kristaliskas struktiiras rezgu parametru noteik$ana, dazkart ari strukttiras noteik$ana;
® _ savienojumiem, kuriem ir novérojama luminiscences paradiba.

Cietfazu luminiscence

Luminiscence ir fizikala paradiba, kura novérojama elektromagnétiska starojuma
emisija no ierosinata materiala. Luminiscences procesa elektroni no ierosinata stavokla
atgriezas pamatstavokli, sakotngji dalu no energijas zaudgjot bezstarojuma parejas un
tikai tad izstarojot elektromagnétiska starojuma kvantu, kura energija atbilst energijas
starpibai starp iesaistitajiem energijas limeniem (ierosinato limeni un pamatstavokli). Ar
luminiscenci saistitie procesi paraditi 1.3. att€la (Sadu energijas limenu shému ar
iezim&tiem procesiem sauc par Jablonska diagrammu)?°.

Apzim&jumi (a) — (e), kas ieklauti 1.3. att€la raksturo energijas parejas procesus laika
skala:

(a) absorbcija (10° s);

(b) vibraciju relaksacija (1014 — 100 s);
(c) fluorescence (10° - 107 s);

(d) starpsistému pareja (108 — 10 s);
(e) fosforescence (106 — 10 s).

Organisko luminoforu fotofizikalas Tpasibas visbiezak raksturo ar fotoluminiscenci.
Fotoluminiscences gadijuma elektrona ierosinaSana notiek, vielai absorbgjot energiju
elektromagnétiska starojuma — redzamas gaismas (vai UV) kvanta — forma.

Pé&c kvanta absorbésanas luminofors tiek ierosinats no singleta pamatstavokla (So) uz
ierosinatu singleta stavokli (S1; procesa apzim&jums (a)) ar secigu vibraciju relaksaciju
(b) un fluorescenci (c). Fluorescence ir emisija no ierosinatiem singleta (Sn) stavokliem,
tas norisei nepiecie$ami tris secigi procesi: (a) — (b) — (c), savukart, fosforescence ir
emisija no ierosinatiem tripleta (T,) stavokliem, un ta ietver Cetrus secigus procesus:

(@) — (b) — (d) — (e)**.
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1.3. att. Shematisks ar luminiscenci saistito procesu attélojums — Jablonska diagrammas
veida.

Efektiva luminofora butiskakais raditdjs ir fotoluminiscences kvantu iznakums (®).
Tas tiek definéts ka emitéto fotonu attieciba pret absorbéto fotonu skaitu un aprékina péc
vienadojuma (1).

(D% = ; . 100, (1)

kur @¢, — kvantu iznakums, X Py — visu izstaroto fotonu summa, X'P, — visu absorbéto
fotonu summa?.

Paraugu izstarotas gaismas (luminiscences) krasu iesp&jams raksturot ar krasu (jeb
fotometriskajam) koordinatam. Balstoties uz materiala luminiscences spektru un cilvéka
acs spektralo jutibu, krasu koordinatas parada, kada krasa noverotajs redz luminiscences
gaismu. Visbiezak gaismas krasu apraksta, izmantojot CIE 1931 XYZ krasu telpu (CIE —
International Commission on Illumination), kas tika izveidota 1931. gada. Krasa tiek
raksturota, izmantojot divas koordinatas: x un'y (sk. 1.4. att.)3.

0.8
0.6
500

B
K 0.4
@)

0.21

0.01 90

0.00 0.25 0.50 0.75
CIE x

1.4. att. CIE hromatiskuma diagramma (CIE 1931, standarta vizualizacija).
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1.3. Pétitas sistéemas

Darba ietvaros pétitas Cetras savienojumu siste€mas (struktiirformulas dotas 1.5. att.).
Pétitas divas sistémas, kas satur dazadas vienkarSas modelvielas: ksantona analogi (1),
abas molekulas ir aromatiskas un planaras, savstarpgji atskiras péc aizvietotdja
aromatiskaja gredzena jeb péc O un S atoma®), un aizvietotas nitrobenzoskabes (2)
savstarpgji atSkiras, pirmkart, péc aizvietotaja C2, C4 vai C5 pozicija un, otrkart, péc
nitrogrupas novietojuma C2, C3, C4 vai C5 pozicija. Informacija par nitrobenzoskabju
atvasingjumu un to izoméru cietvielu formu daudzveidibu pétita Kimijas fakultates
Fizikalas kimijas katedra un ir pieejama zinatniskaja publikacija®.

0 0
O:N
OH OH
0
O:N 0 0
900 S O
NO.
1 NO,
2

o0 Q”;m

1.5. att. Pétito savienojumu sistému struktirformulas (1 — ksantona analogi; 2 — aizvietotas
nitrobenzoskabes; 3 — benperidols (a) un droperidols (b); 4 — tioksantona atvasinajumi).

Pétitas ari farmaceitiski aktivas vielas (FAV): benperidols (3a) (1-{1-[4-(4-
fluorfenil)-4-oksobutil]-piperidin-4-il}-1,3-dihidro-2H-benzimidazol-2-ons) un
droperidols (3b) (1-{1-[4-(4-fluorfenil)-4-oksobutil]-1,2,3,6-tetrahidro-4-piridil}-1,3-
dihidro-2H-benzimidazol-2-ons), kas ir antipsihotiskas zalu vielas, kuram ir
antidepresanta un antiamnéziju uzlabojoss efekts un kuras sava starpa atskiras peéc C8—C9
saites jeb 1,2,3,6-tetrahidropiridina cikla vieta benperidolam ir piperidina cikls®®%.
Droperidola un benperidola cietvielu formu daudzveidiba ieprieks plasi pétita Kimijas
fakultates Fizikalas kimijas katedra, un ir pieejama zinatniskajas publikacijas®®4,
atklajot, ka abas vielas veido vairakas polimorfas formas, hidratus, etanola, metanola,
acetonitrila, ka arT citu $kidinataju solvatus.
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Visbeidzot, pétitas modelvielas, kuram istabas temperatira ir nov&rojama
luminiscences paradiba*': tioksantona atvasinajumi (4), to molekularas struktiiras ir
lidzigas un sava starpa atskiras péc aizvietotaja C2 pozicija.
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2. EKSPERIMENTALA DALA

. Fazu identifikacijai pulvera rentgendifraktogrammas uznemtas ar iekartu Bruker D8
Advance ar 1D pozicijas jutigo Lynxeye detektoru, izmantojot Bragg—Brentano
geometriju un vara anoda (Cu Kea) rentgenstaru avotu. Paraugu iepresgja stikla kivetg.
Uznemsanas rezims: 3° — 35° 20, atrums 0,2s/0,02° (Latvijas Universitate, Riga,
Latvija).

. Pulvera rentgendifraktogrammas struktiiras noteik$anai uznemtas ar iekartu Bruker
D8 Discover ar 1D Lynxeye detektoru, izmantojot caurstarojo$o geometriju (lietojot
Gobela spogulus) un vara anoda (Cu Ka) rentgenlampu. Paraugu iepresgja borsilikata
stikla kapilara ar iek$&jo diametru 0,5 mm (Hilgenberg glass No. 10), ievietoja
goniometriskaja kapilaru turétaja, un uznemsanas laika rotgja ar atrumu 60 apgr./min.
Uznemsanas reZims: 4° — 70° 26, atrums 36s/0,01° (Latvijas Universitate, Riga,
Latvija).

. Monokristalu rentgendifraktometri izmantoti, lai noteiktu izaudz€to monokristalu
kristaliskas struktiiras. Paraugs fiks€ts ar ellu magnétiska CryoCap neilona cilpa un
novietots uz goniometra galvas:

e Rigaku XtaLAB Synergy-S dualflex difraktometrs ar HyPix6000 detektoru un
Cu Ka rentgenstaru avotu — A = 1,54184 A (Latvijas Organiskas sintézes
institiits, Riga, Latvija);

e Huber 4 circle kappa difraktometrs ar Pilatus CdTe 1M detektoru un
sinhrotrono starojumu — A = 0,61992 A (P24, PETRA Ill, Deutsches
Elektronen-Synchrotron DESY, Hamburga, Vacija);

e Arinax MD3 difraktometrs ar Eiger 16M Hybrid-pixel detektoru un
sinhrotrono starojumu — A = 0,68879 A (BioMAX, MAX IV Synchrotron,
Lunda, Zviedrija).

. Diferenciali skengjosais kalorimetrs/termogravimetrs Mettler Toledo TGA/DSC2
izmantots iegiito fazu raksturoSanai un solvatos esos$a Skidinataja stehiometrijas
noteik$anai. Uznemsanas rezims: 25 °C — 240 °C, kars&Sanas atrums 10 °C-min~%, N,
atmosfera (plismas atrums 100 + 10 mL-min~t). Paraugu karséSanu veica valgjos
aluminija kausinos ar tilpumu 100xL (Latvijas Universitate, Riga, Latvija).
. Diferenciali skengjosais kalorimetrs TA Instruments DSC 25 izmantots kuSanas un
maksimalas temperatiiras noteikSanai — divkomponentu sistému fazu diagrammu
konstrugsanai. Uznemsanas rezims: 25 °C — 250 °C (atkariba no tira komponenta
kusanas temperatiiras), karsg$anas atrums 2 — 5 °C-min~%, N, atmosféra (pliismas
atrums 50 = 10 mL-min!). Paraugu kars&$anu veica aiztaisitos aluminija kausinos ar
tilpumu 70uL (Latvijas Universitate, Riga, Latvija).

. Kodolmagngtiskas rezonanses spektroskops Bruker Fourier 300 MHz izmantots

izv€letu kristalizacijas produktu saturoSo komponentu procentuala sastava

noteik8anai. Spektrus uznéma, par §kidinataju izmantojot dimetilsulfoksidu (DMSO)-
ds (0 = 2,49 ppm), un par ieks§gjo standartu izmantots HMDS (6 = 0,055 ppm), pret
kuru méritas kimiskas nobides (J) miljondalas (ppm) (Latvijas Universitate, Riga,

Latvija).
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7.

8.
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Kristalizacijas produktu luminiscences p&tijumi:

e fotoluminiscences spektri uznemti, izmantojot spektrofluorimetru Edinburgh
Instruments FS5, kas aprikots ar nepartraukta starojuma CW 150 W ksenona
lampu un viena fotona skaitiSanas (SPD) detektoru (Latvijas Organiskas
sint€zes institiits, Riga, Latvija);

e fotoluminiscences kvantu iznakuma meérfjumi veikti, lietojot integr&josas
sferas  bloku  N-MO01  (papildpiederums  Edinburgh  Instruments
fotoluminiscences spektrometram, lietojot tieSas ierosmes metodi), un
ierosinaSanas-emisijas kartes konsturétas, izmantojot fotoluminiscences
spektrometru Edinburgh Instruments FLS1000, kas aprikots ar 0zonu
genergjosa nepartraukta starojuma CW 450 W ksenona lampu un High Speed
Red Detector fotoelektronu pavairotaju (Latvijas Universitates Cietvielu
fizikas institats, Riga, Latvija).

Kristalisko struktiru noteikSanai no pulvera datiem, kristalizacijas produktu
kristaliska rezga parametru noteikSanai un Rietvelda optimizacijai izmantotas
datorprogrammas Topas5 un Expo2014, monokristalu rentgendifrakcijas datu
integréSanai izmantota datorprogramma CrysAlisPro, struktiiras risina$anai un
precizé$anai izmantotas datorprogrammas JANA2006 un Olex2, periodiskiem DFT-D
aprékiniem izmantota datorprogrammas Quantum ESPRESSO un CASTEP,
starpmolekularo mijiedarbibu un kristalisko struktiiru raksturo$anai CrystalExplorer,
bet molekulu gazes fazes aprékiniem Gaussian09.



3. REZULTATI UN TO IZVERTEJUMS

3.1. Divkomponentu sistémas ksantons — tioksantons (1) cieto
$kidumu veido$anas”®

Pe&tot cieto skidumu veidoSanos starp strukturali lidzigam organiskajam molekulam,
ka pirma izvEléta sist€ma, kas satur divas modelvielas — ksantonu un tioksantonu. Viens
no veidiem, ka izpétit vai cietais Skidums spg&j veidoties pétamaja sisteéma, ir izveidot
attiecigas divkomponentu sistémas kusanas fazu diagrammu. Saja gadfjuma binaras
sisttmas kuSanas fazu diagramma tika konstruéta, lai noskaidrotu, cik labi abas, loti
lidzigas molekulas tiek izSkirtas. Tika noskaidrots, ka starp ksantonu un tioksantonu
neveidojas cietais Skidums ar neierobezotu komponentu $kidibu, bet gan divi cietie
Skidumi ar ierobezotu komponentu $kidibu, t. i., tuvu tiram ksantona un tioksantona
regionam (sk. 3.1. att.). Tas norada to, ka abas stipri lidzigas molekulas kristaliskaja
struktira pakojas atSkirigi. Ka var redz&t péc fazu diagrammas, ksantons ieskist
tioksantona, veidojot cieto $kidumu (o) plasda komponentu sastava diapazona.
Kristalizgjot tioksantona — ksantona maisijumus ar ksantona saturu >0 — 80 mol%, tiek
iegiits vienfazes produkts.
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1.0 0.8 0.6 0.4 0.2 0.0
230 * * * *
2201 Skidra faze O
£ 2101 o o oo°°
3 0O
5 200 5 "
© [ ]
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3.1. att. Binaras sistémas ksantons — tioksantons kusanas fazu diagramma. Cieto Skidumu
un atbilstosas vienkomponentu fazes identiska zila ton1, faZu maisijumi oranza krasa (pilditi
markieri — soliduss / eitektika; tuksi markieri — likviduss; linijas attélotas uzskatamibai).

Péc termiskas analizes rezultatiem (sk. 3.2a. att, iegitdas derivatogrammas),
noveérojama kuSanas endoterma, kas atbilst vienfazes paraugam. Turklat, arT skatoties p&c
PXRD rezultatiem, minétaja komponentu sastava (>0 — 80 mol%, ksantona satura),
difrakcijas ainas ir loti l1dzigas tira tioksantona paraugam, un netiek noveroti refleksi, kas
atbilstu tira ksantona paraugam (sk. 3.2b. att.). Neliclas refleksu nobides un relativas
intensitates izmainas ir raksturigas cietajiem $kidumiem. Termiskas analizes rezultati
liecina, ka ksantona var iz$kidinat nelielu tioksantona daudzumu, t. i., $ai binarajai
sisttmai pastav otrs cietais Skidums (/). Piem@ram, maisijums, kas satur 5 mol%

ASar§1‘ms, K., Bérzins, A., Rekis, T. Solid solutions in xanthone — thioxanthone binary system: how well are
similar molecules discriminated in the solid state? Crystal Growth & Design, 2020, 20(12), 7997-8004.
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tioksantona, kiist paradot vienu endotermisku signalu (sk. 3.2a. att.) un satur tikai
ksantonam raksturigos difrakcijas refleksus (sk. 3.2b. att.).

Skatoties péc fazu diagrammas, ir novérojams salidzinosi Saurs divfazu apgabals, kura
atrodas abu komponentu ierobeZota sastava cieto $kidumu o un p fizikalie maisijumi. Tas
ir saistits ar papildu endotermisko signalu derivatogrammas (3.2a. att., ickrasotas oranza
krasojuma), kas norada uz eitektisko kuSanu. Saja gadijuma, eitektisko kuSanu var
noverot ka mazus, bet izteiktus plecus ar kusanas temperatiru ap 169 K (sk. 3.2a. att.).
Papildus tam, divu fazu maisijumu var novérot ari PXRD ainas (sk. 3.2b. att., iekrasotas
oranza krasojuma).

(a) . . . (b) . . . .
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3.2. att. Derivatogrammas (a) un PXRD ainas (b) dazadiem binaras sistémas ksantons —
tioksantons sastaviem. Krasu apziméjums ir identisks tam, kas izmantots 3.1. attéla, no
kristala struktaram simulétas difrakcijas ainas — purpursarkana krasa (sarindotas atkariba
no iesvérta tioksantona satura).

Saurs divfazu apgabals norada, ka abas molekulas kristaliskaja struktiira ir diezgan
slikti iz§kiramas. Komponentu sastava diapazonos >0 — 7 mol% un 20 — <100 mol%
(tioksantons) abas molekulas ieklaujas viena fazg, nevis veido atsevisku ksantona un
tioksantona fazu fizikalu maisfjumu. SkiSanas diapazona atskiribas starp cietajiem
Skidumiem a un f var izskaidrot ar dazadajiem atomu izmériem — S un O. Cieta skiduma
a, acimredzot, ir daudz vairak iesp&jams aizstat tioksantona molekulas ar ksantona
molekulam, jo O atoms ir ievérojami mazaks par S atomu, savukart, cietajam $kidumam
p arvien pieaugosa ksantona molekulu dala ir jaaizstdj ar relativi lielaka S atomu
saturosam tioksantona molekulam, lai paplasinatu sastava diapazonu. Noverota atskiriba
starp cietajiem Skidumiem liecina, ka, lai gan abas pétitas molekulas ir loti Iidzigas un
cietajam Skidumam atbilst liels koncentraciju diapazons, tomér dazos ierobezotoS
sastavos molekulas pakojas atSkirigi un ir griiti izSkiramas.

Par ksantona kristalisko struktiru zinots daudzos pétijumos, kur galvenokart ir
pieradits, ka T viela kristalizgjas ortorombiskaja telpiskaja grupa P2:2:2;. Saja pétijuma
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izmantota tira ksantona PXRD aina atbilst P2,2:2; polimorfam. Abi ksantona polimorfi
ir loti lidzigi (sk. 3.3. att.), P21212; polimorfs* kristaliz&jas ar vienu molekulu asimetriska
vieniba (Z' = 1). Otro, nesen atklato polimorfu®, var uzskatit par pirma polimorfa
monoklino deformaciju (f = 93°). Ta aprakstita P212:2; telpiskas grupas apak$grupa,
proti, P2, un at8kiras ar to, ka ta satur divas molekulas asimetriskaja vieniba (Z’ = 2), lai
kompensétu otras kartas vitnes (skriives) asu zudumu.

Ksantons P2,2,2,
Ksantons P2,
Tioksantons P2,/c

3.3. att. Kristalisko struktiiru attélojums divam zinamam ksantona (pa kreisi un pa vidu)*>43
polimorfajam formam un tioksantonam (pa labi).

Tioksantona struktiira atrisindta un precizéta monoklinaja P2i/c telpiskaja grupa. ST
struktiira nav sakartota un tadgjadi tiek izveidots statistiskais (pseido)inversijas centrs (sk.
3.4a. att.). Savukart, cieta skiduma kristalisko struktiiru labak apraksta P2; telpiskas
grupas simetrijas operacijas. Neskatoties uz to, izmantoti simetrijas ierobezojumi atomu
pozicijam un anizotropas nobides parametri, kas atbilst P21/c telpiskajai grupai. Tomeér,
aiznemtibas faktori komponentiem, kas savstarpgji ir inversi saistiti un nesakartoti (S un
O atomi), tika noteikti, tacu faktiski pastav novirze no idealas 0,5:0,5 attiecibas un lidz ar
to no P2:/c simetrijas. Ipasi attieciba uz mazako cieta $kiduma komponentu — ksantona
molekulu (sk. 3.4b. att.). Atrisinot ksantona nesakartota komponenta — skabekla atoma
aiznemtibas faktorus, kas ir attiecigi 0,08 un 0,17, un atbilst 1:2 nevis 1:1 attiecibai,
rezultats ir pretstata tam, kada simetrija tick paredz&ta, izvéloties P21/c telpisko grupu.

Neskatoties uz ksantona un tioksantona molekulu strukturalo lidzibu, kristaliska
stavokli tie pakojas atSkirTgi, kas ir saskana ar iegiito fazu diagrammu. Ja abu komponentu
struktiiras butu izostrukturalas, veidotos neierobeZotas Skidibas cietais skidums.

3.4. att. Molekulara izvietojuma attélojums tira tioksantona (a) un sistémas tioksantons —
ksantons [75 : 25 mol%)] cieta $kiduma (b) kristaliskajai struktarai (ar atvértu apli apziméts
statistiskais (pseido)inversijas centrs).
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Tioksantona un cietd $kiduma (75 mol% tioksantona) kristaliskas strukttiras dati

noraditi 3.1. tabula.

3.1. tabula.

Struktiiras risinajuma kristalografiska informicija (integrétie refleksi: [F2,; > 36(F2,,)])

Kristals Tioksantons Tioksantons : Ksantons [75 : 25 mol%)]
Kristalografiskie dati
T/K 301 301
Formula C13HsSO 0,75 C13HsSO - 0,25 C13HgO,
Molmasa / g mol™ 2123 208,2
Singonija Monoklina Monoklina
Telpiska grupa P2,/c P2,
alA 7,8388(7) 7,8269(4)
b/A 3,9891(2) 3,9933(2)
c/A 15,8019(11) 15,7726(7)
Bl° 101,199(7) 101,525(4)
VA3 484,71(6) 483,02(4)
YAVA 2,05 2,1
F(000) 220 217
papr. | g CT2 1,4544 1,4316
o/ mm™ 2,661 2,183
Nomeéritie refleksi 2455 1907
[sin(@)/A]max | A 0,63 0,63
Unikalie refleksi 1818 1755
Integrétie refleksi 1219 939
Rint, 0,0294 0,0193
Risinajums

Risinajuma metode
Parametru skaits
R; (integrétie)
WR (visi)

Pilnas matricas mazako kvadratu no Fny

83 89
0,0413 0,0379
0,0513 0,0550
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3.2. Dazadu aizvietotu nitrobenzoskabju (2) divkomponentu
sistému cieto $kidumu veido$anas®

Tika pétita cieto Skidumu veidoSanas starp uzbiives zina lidzigam modelvielam —
nitrobenzoskabes atvasinajumiem, kas atSkiras tikai pé€c aizvietotaja (metilgrupa,
hidroksilgrupa vai hlora atoms) un ta novietojuma molekularaja struktira. Izvéleto
savienojumu spgja aizvietot vienam otru, t. i., spgja veidot cieto $kidumu, pétita visas
iespgjamas 12 binarajas sistémas, pa 3 katram nitrobenzoskabes izoméram. Binariem
maisTjumiem, kas satur izvél&tos savienojumus dazados sastavos, veikta kristalizacija, un
talak veikta fazu identifikacija ar PXRD metodi, ka arT divkomponentu fazu diagrammas
konstrug$ana péc DSC analizes datiem (sk. 3.5. att.). Papildus tam veikta kristalisko
struktiiru analize un kvantu kimijas aprékini, lai racionaliz€tu un sp&tu rast risinajumu
cieto skidumu veido$anas prognozesanai attiecigajas kristaliskajas struktiiras.
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3.5. att. Binaru sistéemu kuSanas fazu diagrammas: 2Me4NBA — 2CI4NBA (a), 2Me5NBA —
2CI5NBA (b), 4Me3NBA - 4ACI3NBA (c) un 5Me2NBA — 5CI2NBA (d). Cietie $kidumi un
atbilstosas vienkomponentu fazes identiska zila toni, faZu maisijumi oranza krasa (pilditi
markieri — soliduss / eitektika; tuksi markieri — likviduss; linijas attélotas uzskatamibai).

Neviena no S§im binarajam sisttmam neveidojas cietais Skidums ar pilnigu
komponentu $kidibu, bet visos gadijumos veidojas divi dazadi cietie $kidumi (t. i., cietais
Skidums ar dal&ju komponentu $kidibu), kas ir tuvu tiru komponentu apgabalam, skatit
3.5. att€lu. Noskaidrots, ka zinama mera visas metilnitrobenzoskabes sp&j ieskist
hlornitrobenzoskabes kristaliskaja struktiira un otradi. legtitie cietie skidumi apziméti ka
o (metilnitrobenzoskabe ieskidusi hlornitrobenzoskabes kristaliskaja struktiira) un S
(hlornitrobenzoskabe ieskidusi metilnitrobenzoskabes kristaliskaja struktiira), indeksi
norada metil / hlora un nitrogrupas novietojumu. Visas fazu diagrammas ir ari salidzinosi
Saurs divfazu apgabals, kura atrodas abi cieto Skidumu fizikali maistjumi ar ierobezotu

BSarEﬁns, K., Kons, A., Rekis, T., Bérzins, A. Experimental and computational study of solid solution formed
between substituted nitrobenzoic acids. Crystal Growth & Design, 2023, 23(9), 6609-6622.
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sastavu. Tas ir tapéc, ka aizstatas funkcionalas grupas nav identiska izméra un neveido
identiskas starpmolekularas mijiedarbibas, ka rezultata Sie savienojumi kristaliskaja
struktira pakojas atSkirigi un nelauj pilniba aizstat molekulas Sajas kristaliskajas
strukttiras. 3.6. attéla apkopota informacija par cieto skidumu sp&ju veidoties ieprieks
analiz&tajam metilnitrobenzoskabju un hlornitrobenzoskabju binarajam sistémam, ka art
pargjas analizétajas binarajas sistémas, kas satur hidroksil / hlornitrobenzoskabes un

hidroksil / metilnitrobenzoskabes.

Me - Cl OH-Cl OH - Me
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3.6. att. Fazes, kas iegiitas dazados sastavos veicot aizvietotu nitrobenzoskabju binaro
sisttmu maisijumu Kristalizacijas petijumus (Krasu apzim&jums ir identisks tam, kas
izmantots 3.5. attela).

Rezultati Sajas papildu binarajas sist€émas apstiprina, ka sastava diapazons, kura var
iegiit cietos Skidumus, ir at8kirigs katra nitrobenzoskabes izoméru parf, ko izraisa dazadas
kristaliskas struktiiras. Redzams, ka kristaliz€joties sastaviem, kas satur galvenokart
vienu no komponentiem, visas pétitajas binarajas sistémas tika iegiits cietais skidums, ka
ar1 fazu diagrammas vienmér novérojams divfazu apgabals, kas apstiprina So
savienojumu ierobezotu $kidibu sava starpa. Pargjie iegiitie cietie Skidumi apziméti ka ¢
(hidroksilnitrobenzoskabe ieskidusi metilnitrobenzoskabes kristaliskaja struktiira), ¢
(metilnitrobenzoskabe ieskidusi hidroksilnitrobenzoskabes kristaliskaja struktiira), y
(hidroksilnitrobenzoskabe ieSkidusi hlornitrobenzoskabes kristaliskaja strukttra), un J
(hlornitrobenzoskabe ie$kidusi hidroksilnitrobenzoskabes kristaliskaja struktiira), indeksi
norada metil / hlora / hidroksil un nitrogrupas novietojumu. Tomér péc 3.6. attela, var
spriest, ka ne visas funkcionalas grupas var vienlidz viegli tikt nomainitas kristaliskaja
strukttira. Iesp&jama ir tikai hidroksilgrupas saturosu molekulu aizstasana ar metilgrupu
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saturo$am molekulam, ciktal tas ir noverots hloratoma un metilgrupas aizvietoSanai, jo
metilnitrobenzoskabes $kidiba hidroksinitrobenzoskabé ir no 10 lidz 40 mol%. Visos
paréjos tris aplikotajos aizvietoSanas scenarijos (metilgrupu saturo$u molekulu
aizstasana ar hidroksilgrupu saturo$am molekulam, hlora atomu saturosas molekulas ar
hidroksilgrupu saturo$am molekulam vai hidroksilgrupu saturoSas molekulas ar hlora
atomu saturosam molekulam) $kidiba var tikt sasniegta tikai Iidz 10 mol% vai pat 5 mol%.
Funkcionalo grupu un to ipaSibu salidzinajums liecina, ka tas nav parsteidzosi, jo
hidroksilgrupu un metilgrupu, un hlora atomu un hidroksilgrupu aizstasana ir saistita ar
lielakam molekulu izméra izmainam, ka arT lielakam atSkirtbam molekulu veidotajas
starpmolekularajas mijiedarbibas, salidzinot ar izmainam, kas ieviestas, aizstajot
metilgrupu un hlora atomu. Tapéc paredzams, ka molekulas, kuras $adas funkcionalas
grupas ir aizstatas, skidiba kristaliskaja struktira bis zemaka. Lai gan ir nedaudz
parsteidzosi, ka metilgrupu saturoSu molekulu $kidiba hidroksilgrupu saturosas
molekulas ir diezgan augsta visos izoméros, tas varétu biit tapéc, ka metilgrupa var
darboties ka vaju Gdenraza saiSu donors, un tas varétu laut izvairities no straujas energijas
palielinasanas kristaliskaja struktiira, aizstajot §is funkcionalas grupas.

Papildus eksperimentalajiem pétijumiem, pétitas kristaliskas strukttras, tadgjadi
méginot noskaidrot, vai kristalografiska analize un ar molekulu nomainu saistitas
energijas izmainu analize varétu tikt izmantota, lai prognozgtu cieta $kiduma veido$anas
sp&ju. Analizgta starpmolekularo mijiedarbibu energija eksperimentalajas kristaliskajas
struktiiras un struktiiras, kas model€ cieto skidumu (Aizvietota) un izostrukturalo fazi ar
pilnigi visu molekulu nomainu (Izostrukturala), skatit 3.2. tabulu.

3.2. tabula.

Starpmolekularo mijiedarbibu energijas summas (rékinata programma CrystalExplorer)
izmainas, aizstijot funkcionalo grupu tuviakajam molekulim (3,80 A) un molekulu pariem,
kuru atomi atrodas 15 A radiusa no centralds molekulas

Struktiira 20H4NBA 2CI4ANBA 2MedANBA
-Cl -CH; -OH -CHj3 -OH -Cl
Izmainas Esiarpm. tuvakajam molekulam / kJ mol™*
Aizvietota +31,4 +16,9 +6,2 +1,9 -2,7 -35
Izostrukturala +18,3 +2,1 +7,2 +4,3 +12,9 +10,6

Izmainas Esapm, molekulu pariem 15 A radiusa ap centralo molekulu / kJ mol™

Aizvietota +11,4 +2,9 +4,6 5,0 +0,9 -0,9
Tzostrukturala +15,1 +0,9 +0,5 -7,6 -0,4 +0,6
Struktiira 20H5NBA 2CI5NBA 2Me5NBA

-Cl -CH, -OH -CH, -OH -Cl

Izmainas Eswarpm. tuvakajam molekulam / kJ mol™
Aizvietota +9,4 +11,0 +8,5 +1,1 +15,4 +12,0
Izostrukturala +5,4 +9,1 +11,3 +3,6 +14,4 +17,8

Izmainas Esarpm. molekulu pariem 15 A radiusa ap centralo molekulu / kJ mol™
Aizvietota +12,4 +11,4 +8,8 -2,1 +7,9 +7,6
Izostrukturala +13,7 +10,9 +5,3 -2,2 +8,2 +13,0
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3.2. tabula. (Turpinajums)

Struktiira 40H3NBA 4CI3NBA 4Me3NBA
-Cl -CHs; -OH -CH; -OH -Cl
Izmainas Esampm. tuvakajam molekulam / kJ mol™
Aizvietota +14,8 +9,4 -10,0 -9,2 +6,4 +6,1
Izostrukturala +18,6 +6,9 -12,8 -19,5 +6,6 +4,4

Izmainas Eswrpm. molekulu pariem 15 A radiusa ap centralo molekulu / kJ mol™

Aizvietota +1,3 -1,1 -6,1 4,4 -1,3 +34
Izostrukturala +1,8 -0,7 -23,5 -6,1 -11,8 +6,4
Struktiira 50H2NBA 5CI2NBA 5Me2NBA

-Cl -CH; -OH -CH3 -OH -Cl
Izmainas Esarpm. tuvakajam molekulam / kJ mol™
Aizvietota +2,6 +0,6 -6,1 4,4 +6,0 +23,9
Izostrukturala +0,5 +4,7 -25,6 -14,9 +3,2 +15,7

Izmainas Esarom. molekulu pariem 15 A radiusa ap centralo molekulu / kJ mol™

Aizvietota +14,9 +3,0 -5,0 -4,8 +8,2 +19,0
Izostrukturala +20,2 +1,9 21,1 -7,6 -6,7 +34,4

Pirmkart, noverotas izmainas aizvietotajas Un izostrukturalajas struktiiras skaidri
parada, ka katra no kristaliem starpmolekularo mijiedarbibu un funkcionalas grupas
aizvietoSanas iespaida raditds izmainas ir atSkirigas. Neskatoties uz to, 3.2. tabula
noraditas mijiedarbibas energijas izmainas starp molekulam, kas atrodas blakus
aizstatajai funkcionalajai grupai, nevar biit tieSi saistitas ar eksperimentali noteikto
skidibas robezu attiecigaja molekulu pari, jo attiecigi ir novérojami gadijumi, kad energija
klast efektivaka. Otrkart, lidzigs secinajums novérots ari tad, kad datorprogramma
CrystalExplorer aprékinata molekulu paru starpmolekularo mijiedarbibu energija
tuvakajam molekulam 15 A radiusa no centralas molekulas (originalajam un
izostrukturalajam struktiram, ko var attiecinat ka kristaliska rezga energijas
aproksimaciju). Treskart, papildu informacija par energijas starpibam iegiita, analizgjot
starpmolekularo mijiedarbibu energiju molekulu pariem, ko veido molekulas, kuras
atrodas 3,80 A radiusa no centralas molekulas. So molekulu paru kumulativas
mijiedarbibas energijas starpibas diagrammas, palielinoties attalumam starp
molekularajiem centroidiem aizvietotajas un izostrukturalajas struktiiras un sakotn&ja
(originala) strukttra, ir paraditas 3.7. attéla.
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3.7. att. Molekulu paru kumulativas energijas izmainas, palielinoties attalumam starp
centroidiem — aizvietotajam un izostrukturalajam struktiiram (N = molekulas numurs).

Kopuma var secinat, ka energija ir jasalidzina ar alternativajiem stavokliem, kas
pieejami dota sastava sistémai, un var blt nepiecieSams novertét ari termisko un
entropijas efektu. Tas labi redzams, salidzinot energijas izmainas, kas saistitas ar izvél&to
funkcionalo grupu aizstasanu visos izomeros, ka, piem&ram, metilgrupas aizstaSanu ar
hlora atomu, kas kristalizacijas eksperimentos lava iegiit cietos Skidumus ar augstako
sasniegto $kidibu. Gandriz visu aprékinu rezultata ir novérojams energijas picaugums, lai
gan, analiz€jot starpmolekularas mijiedarbibas Sajas struktiirds, nevar&ja konstatet
nevienu konkr&tu c€loni, kas veicinatu energijas pieaugumu. Ari, palielinot aplikojamo
molekulu paru skaitu, starpmolekularo mijiedarbibu energijai ir tendence konvergéet Iidz
rezultatam, kas atspogulo kop&jo energiju visiem molekulu pariem, kuras atrodas 15 A
radiusa no centralas molekulas, ka tas paradits 3.2. tabula, lai gan dazam struktram, lai
sasniegtu So vertibu, kopsumma bija jaieklauj lielaks molekulu skaits.
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3.3. Divkomponentu sistémas benperidols — droperidols (3)
cieto $kidumu veido$anas®

Cieto $kidumu veidoSanas starp divam farmaceitiski aktivam vielam — benperidolu un
droperidolu, pétita gan nesolvatétam, gan solvatétam So abu savienojumu formam. Lai
noskaidrotu vai cietais skidums var veidoties starp §STm divam vielam, veikta abu So vielu
maisTjumu parkristalizé€Sana dazadas vielu attiecibas. Kristalizacijas pétfjumi veikti,
izmainot apstaklus, lai ieglitu dazadas So vielu cietfazes — nesolvatgtas (izv€lEtos
apstaklos benperidolam var iegiit polimorfu Bl vai BIl un droperidolam polimorfu PI1),
dihidratus, ka arf etanola, metanola un acetonitrila solvatus.

Iegiitie kristalizacijas produkti, kas apkopoti 3.3. tabula, raksturoti, izmantojot PXRD
un DSC/TG analizi. Kristalizacijas rezultata vienmér veidojas faze vai fazes ar vélamo
komponentu sastavu: nesolvatéta faze vai fazes (Bl, BIl un PIl) iegiitas ka $kidinataju,
izmantojot izopropanolu, dihidrats vai dihidrati (°DH un °PDH) no $kidinataju maisijuma
acetons/tdens un attiecigais solvats vai solvati no dazadiem organiskajiem $kidinatajiem
(®Seton un PSgion no etanola, BSmeon un PSmeor no metanola, BSacn un PSacn no
acetonitrila). Vairuma gadijjumu droperidola un benperidola maistjuma kristalizacija
ieglita tikai viena faze, kas nozimg, ka izveidojas cietais Sskidums, kas satur abus
komponentus attiecigaja kristaliskaja struktiira.

Rezultati skaidri parada, ka sp&ja aizstat vienu molekulu ar otru ir loti atkariga no
kristaliskas struktiiras, tostarp pat atSkirigas spgjas pielagoties citam molekulam,
izmantojot izostrukturalo solvatu s€riju PSetor, PSmeon Un PSacn, ka arf BSeton un
BSMeoH.

3.3. tabula.

Kristaliskas fazes, kas iegiitas benperidola un droperidola maisijuma Kristalizacija
vairakam izvéletam molaram attiectbam”

legita faze

Benperidols
/ mol% Nesolvatéta Etans)la Metarlola Aceton_itrila Dihidrats
faze solvats solvats solvats

0 oy PSeon PSmeon PSacn PDH

5 O|1+SSBII PSEion+SSSErom SSPSweon SSPSacn SSPDH

10 SSBII SSBSeon SSPSmeon SSPSacn SSPDH

20 SSBII SSBSeion SSPSmeon+SSBSmeon SSPSacn SSPDH+SSBDH
30 SSEII SSBSeion SSPSmeor+SSBSmeon  SSPSacn+SSBSacn SSPDH+SSBDH
40 SSBII SSBSeion SSPSmeor+SSBSmeon  SSPSacn+SSBSacn SSPDH+SSBDH
50 SSBII SSBSeion SSBSmeon SSPSAcN+SSBSacn  SSPDH+SSBDH
60 SSEII SSBSeion SSBSmeon SSPSAcN+SSBSacn  SSPDH+SSBDH
70 SSBII SSBSeon SSBSmeon SSPSacn+SSBSacn SSEDH

80 SSBII SSBSeon SSBSmeom SSBSach SSEDH

CSar§ﬁns, K., Bérzins, A. Experimental and computational investigation of benperidol and droperidol solid
solutions in different crystal structures. Crystal Growth & Design, 2023, 23(2), 1133-1144.
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3.3. tabula. (Turpinajums)

90 SSEII SSBSeion SSBSpeon SSBSacn SSEDH

100 B BSeton BSmeon BSacn ®DH

" — SS apzimé cieto Skidumu attiecigajai kristaliskajai struktiirai. Tiras fazes treknraksta, bet fazu maistjumi
slipraksta.

Tas paradas gan ka atskiriga robeza, 11dz kurai ir iesp&jama molekulu aizstasana, gan
pat pilnigi atskiriga vienas molekulas sp&ja aizstat otru. Pieméram, nesolvatetaja faze PlI
un etanola solvata PSeton netika konstatéta benperidola spgja aizstat droperidolu, savukart
benperidola aizstasana ar droperidolu etanola solvata BSeton un nesolvatétaja faze Bll
panakta pat lidz komponentu sastavam, kas bija tuvu pilnigai aizvietoSanai, kad iegiti
cietie $kidumi, kuros 90 mol% benperidola molekulu aizstatas ar otru komponentu.
legiitas PXRD ainas skatit 3.8. attgla. Sie cietie $kidumi ir attiecigi apziméti ka SSBSeton
un SSEII.

I ﬂ ! ﬁ Sewon ﬂ n
5 mol% R l l ‘ I A l | 5 mol%
l H 30 mol% 30 mol%
' 50 mol% ‘ J\ 50 mol%
N 70 mol% K 70 mol%

Intensitate
Intensitate

90 mol% 90 mol%
l ! l ‘ EIOII N 4
20/° 28/°

3.8. att. Kristalizacijas produktu PXRD ainas, kristalizéjot benperidola un droperidola vielu
maisijumus dazados komponentu sastavos no etanola (a), iegiistot etanola solvata fazi /
fazes, un izopropanola (b), iegiistot nesolvatétu fazi / fazes. Cietie §kidumi oranza krasa un
atbilstosas vienkomponentu fazes zila toni, faZu maisijumi sarkana krasa, un no Kristala
struktiiram simulétas difrakcijas ainas — purpursarkana krasa (sarindotas atkariba no
iesverta benperidola satura).

Papildus tam visi kristalizacijas produkti raksturoti, izmantojot DSC/TG analizi, un
solvatgtas fazes desolvatacijas produktu fazu identifikacijai izmantoja PXRD metodi, bet
fazu termiskajai raksturo$anai DSC/TG analizi.

Visu nesolvatéto cieto $kidumu SSBII paraugu derivatogrammas kuSanas endoterma
butiba atbilst vienfazes paraugam (sk. 3.9b. att.). Praktiski visa komponentu sastava
diapazona no 90 mol% lidz 10 mol% benperidola kuSanas un maksimala temperatiira
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pazeminas monotoni, palielinoties droperidola saturam cietaja skiduma, kas atbilst vienas
fazes cietajam $kidumam. To kuSanas temperatiira ir starp benperidola polimorfa BIl (Tyus
= 165 °C) un droperidola polimorfa P11 (T = 151 °C) kuSanas temperatiiru. P&c §iem
datiem konstruéto fazu diagrammu skatit 3.10. attela. Nobide no iepriek§ min&ta noverota
pie komponentu sastava, kad benperidola saturs ir 5 mol%, jo paraugs satur cieto skidumu

SSBI1 un droperidola fazi PIl.
& 0 mol% Y| 0 molt
5 mol% V 5 mol% W
\/—\/T 10 mol% W/
10mol% — b— — E—
T~ \/ " \//
20 mol% I I R |20mol% S P —
A \1/ \/ = | 30 mal% \/ i
= | SV IT O] — m— —_— = o~
2|0 }/7\ y 2| 40mol% _ﬁf\/ S
& _1-‘7\"’ u h /
2 | 50 mot = \b/ S[somorn ~ _
9 o / — o —
e~ i ~/
) DR \, 51 60 mol% \/
5| 60mol% — o D S
2| 70 mol% \/ 2| 70 mol% o |V
= a— — — e = —
5 \j/ ,/ 3 \\//
& | 80 mol [ Z|somole /
e \/_ — -
ﬂ)mn\% - o _‘\//, R 0 mol%e R ‘_7\/)7
. \/ \\/ 100 mol% \/
110 120 130 140 150 160 170 180 110 120 130 140 150 160 170 180
Temperatura / “C Temperatiira / “C

3.9. att. Derivatogrammas solvatétam cietajam $kidumam SSBSeton (a), kas iegiits
Kkristalizacijas rezultata no etanola kopa ar tiru droperidola PSeton un benperidola etanola
solvata BSeton fazi, un nesolvatetam cietajam Skidumam SSBII (b), kas iegiits kristalizacijas

rezultdta no izopropanola kopa ar tiru droperidola P11 un benperidola BII fazi. Krasu
apzimé&jums ir identisks tam, kas izmantots 3.8. attéla (sarindotas atkariba no iesvérta
benperidola satura).

Solvatéta cieta $kiduma SSBSeton derivatogrammas (sk. 3.9a. att.) sakotngji
noverojama desolvatacijas temperatiira, no tira benperidola Iidz sastavam, kas satur 10
mol% benperidola. Desolvatacijas temperatira monotoni samazinas, palielinoties
droperidola saturam cietaja Skiduma, kas atbilst vienas fazes cietajam Skidumam.
Turpreti, paraugam, kas satur 5 mol% benperidola, novérojami divi desolvatacijas
maksimumi, kas liecina par divu solvatétu fazu klatbitni. Lidzigi, monotona
desolvatacijas temperatiiras samazinasanas, palielinoties droperidola saturam cietaja
$kiduma, novérota SSBSmeon solvatétajam cietajam §kidumam, un §1 tendence
desolvatacijas temperatiirai samazinaties, kad palielina aizstajéj komponenta saturu,
noveérojama citiem solvatetajiem cietajiem Skidumiem. Turklat, kusanas temperatiira
iegilitajiem SSBSeton desolvatacijas produktiem un vairuma gadijumu ari no citiem
solvatetajiem paraugiem, samazinas monotoni visa komponentu sastdva diapazona,
palielinot droperidola saturu attiecigaja parauga. Lai pilniba izprastu $o sakaribu,
solvatgtie paraugi ieguti kristalizacijas rezultata, desolvatéti un p&c tam raksturoti.
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3.10. att. Dala no binaras sistémas benperidols — droperidols kuSanas fazu diagrammas.
Apalie markieri atbilst paraugu datiem, kas iegiiti kristalizacijas rezultata no izopropanola,
trijstira markieri atbilst paraugiem, kas iegiiti etanola solvata desolvatacijas rezultata, un
ilustré sakritibu ar kristalizacija iegtito paraugu termiskajam ipasibam. Krasu apziméjums
ir identisks tam, kas izmantots 3.8. un 3.9. attéla (pilditi markieri — soliduss; tuksi markieri
— likviduss; Iinijas attelotas uzskatamibai).

Karsgjot kristalizacijas eksperimentos iegiitos solvatétos produktus, vienmeér, pirms
fizikalas parauga kuSanas izveidojas desolvatacijas produkts. Interesanti, ka
desolvatacijas produkts nav atkarigs no desolvatéta parauga fazu sastava. Vieniga
solvatéta cietd Skiduma SSBSeton, kas pastav gandriz visa komponentu sastava diapazona,
desolvatacijas produkts vienmér bija nesolvatéts cietais skidums SSBII. Tas atbilst tam,
ka tira benperidola etanola solvata BSeton galvenais desolvatacijas produkts ir polimorfs
Bll. Turklat nesolvatétais cietais $kidums SSPII iegiits ka vienigais desolvatacijas
produkts arT vairuma no gadijumiem, kad desolvaté par€jo sistému paraugus, kas iegiiti
no metanola, acetonitrila un acetona/tidens, neatkarigi no ta, vai parauga bija cietais
Skidums ar benperidola solvata struktiiru, cietais Skidums ar droperidola solvata vai pat
to maisfjums. To apstiprindja gan desolvatéto paraugu PXRD ainas (sk. 3.11. att,,
dihidrata desolvatacijas produktu PXRD ainas), gan to derivatogrammas, kuras kuSanas
endoterma atbilst viena komponenta fazei ar kuSanas un maksimalo temperatiiru, kas ir
identiska SSBI1 komponentu sastavam.
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3.11. att. Dihidratu paraugu, kas iegiiti izmantojot atSkirigu benperidola un droperidola
attiecibu Kristalizacijas eksperimentos, desolvatacijas produktu PXRD ainas. Cietie Skidumi
oranza Krasa, atbilstosas vienkomponentu fazes zila krasa, faZzu maisijumi sarkana krasa,
no kristala struktiiram simulétas difrakcijas ainas — purpursarkana krasa (sarindotas
atkariba no iesverta benperidola satura).

Nemot véra to, ka galvena uzmaniba pievérsta strukturalajiem un energétiskajiem
aspektiem cieto $kidumu veidoSana, aizvietojot dalu no originalajam kristaliskaja
struktiira ar otra komponenta molekulam. Starpmolekularo mijiedarbibu energija trim
struktliru kopam (originald, aizvietotd un izostrukturald) aprékinata, izmantojot
datorprogrammu Quantum ESPRESSO. Iegiitie rezultati apkopoti 3.4. tabula. Kopuma
var secinat, ka vienas molekulas aizvietoSana vienmer ir saistita ar energijas piecaugumu
un vismazaka ir BIl, BSmeon, un BSeton gadijuma. Tomér, pilnigi aizvietojot visas
benperidola molekulas ar droperidola molekulam, tiek nodrosinata efektivaka
starpmolekulara mijiedarbiba lielakaja dala strukttiru ar vislielako mijiedarbibas energijas
samazinaSanos BSeion gadijuma. Savukart, tie§i pret&ji droperidola molekulas
aizvietoSana ar benperidola molekulam vienmér noved pie mazak efektivam
starpmolekularajam mijiedarbibam. Sie rezultati apstiprina, ka starpmolekularo
mijiedarbibu energija ir svarigs faktors, lai noteiktu molekulu aizvietoSanas sp&ju dazadas
struktliras un palidzetu paredzét cietd $kiduma eksistenci BSeion struktiira. Rezultati
nelauj paredzet Bll fazes veidoSanos un BSacn fazes veidoSanos salidzinosi Saura
koncentracijas diapazona.
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3.4. tabula.

Starpmolekularo mijiedarbibu energija originalajas benperidola un droperidola
kristaliskajas struktaras (kJ uz molu benperidola vai droperidola) un energiju izmainas,
kad tiek aizstata viena vai visas molekulas vienibas elementarsiina. Struktiiram ar Z’ > 1

Estarpm. izmainas aizvietotajas struktiiras ir vidéja veértiba no struktiiram, kuras simetriski

atSkirigas molekulas aizvietotas

Struktiira il BSeton BSmeon BSacn 5DH

Estarpm. benperidola struktiiras / kJ mol™

Originala —244,7 -331,6 -318,2 -288,4 -404,7
Izmainas Esarpm. aizvietojot ar droperidola molekulu / kJ mol~
Aizvietota +2,9 +3,6 +3,0 +5,2 +7,8
Tzostrukturala -0,7 -5,4 -1,8 -3,6 +5,4
Struktiira oIl PSeton PSwmeot PSacn °DH

Estarpm. droperidola struktitras / kJ mol™

Originala -237,3 -284,4 -281,0 -275,3 -403,5
Izmainas Esarpm. aizvietojot ar benperidola molekulu / kJ mol™
Aizvietota +5.4 +5,5 +6,3 +4,4 +4,2
Tzostrukturala +5,3 +7,4 +8,0 +7,6 +9,6

Lai identific€tu to, ka molekulu aizvietoSana ietekmé starpmolekularo mijiedarbibu
energiju, papildus visam trim struktiru kopam izrékinata paru starpmolekularas
mijiedarbibas energija tuvakajam molekulam, kas atrodas apkart centralajai molekulai,
izmantojot datorprogrammu CrystalExplorer. Pirmkart, novértéta molekulu aizstasanas
ietekme uz Udenraza saiSu mijiedarbibas stiprumu, otrkart, novértéta molekulu
aizstaSanas ietekme uz starpmolekularo mijiedarbibas energiju molekulu pariem, kuri
veido spécigakas dispersijas mijiedarbibas (sk. 3.5. tabulu).

3.5. tabula.

Relativa vidgja starpmolekularo mijiedarbibu energija (kJ mol™) attieciba pret originalo
struktiiru molekulu pariem, kas veido spécigakas dispersijas mijiedarbibas

Struktiira B BSeton BSwmeon BSacn °DH
Aizvietota +0,6 -0,7 +0,6 +0,4 +2,1
Tzostrukturala -0,2 -1,0 -0,1 -0,6 +3,6
Struktiira Pl PSeiom PSweon PSacn °DH
Aizvietota +1,5 +0,5 +0,8 +0,4 -01
Tzostrukturala +2,6 +1,9 +1,8 +2,0 0,0
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Visbeidzot, sniegts visaptveroSaks skatfjums uz energijas atSkiribam, analizgjot
starpmolekularo mijiedarbibu energiju visiem molekulu pariem, ko veido molekulas,
kuras atrodas 3,80 A radiusa no centralas molekulas. Izmantojot $os rezultatus, aprekinata
molekulu paru kumulativa mijiedarbibu energija palielinoties distancei starp centroidiem,
un attélojot to ka izmainu starpibu aizvietotajai un izostrukturalajai struktirai
salidzinajuma pret originalo struktiru (sk. 3.12. att.).
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3.12. att. Molekulu paru kumulativas energijas izmainas, palielinoties attalumam starp
centroidiem — aizvietotajam un izostrukturalajam struktiaram (N = molekulas numurs).

Nemot vera apliakoto strukttiru fazu sastava atskiribas, starpmolekularo mijiedarbibas
energiju analize liecina, ka $aja sistema cietie $kidumi vieglak veidojas vienkomponentu
fazeés, jo eksperimentali var iegiit cieto Skidumu pilna koncentraciju diapazona, ja
molekulas aizstaSana saglaba tadu paSu starpmolekularo mijiedarbibu efektivitati ka
originalaja struktira, savukart, lai cietais $kidums veidotos pilna koncentraciju diapazona
starp solvatétam fazem, ir nepiecieSamas Ipasi izdevigas starpmolekularas mijiedarbibas,
salidzinot ar originalo strukttru.

3.4. Dazadu tioksantona halogénatvasinajumu (4)
divkomponentu sistému cieto $kidumu veido$anas®t

3.4.1. Divkomponentu sistéma, kura satur joda un hlora
atvasinajumus®

Salidzinajuma ar savienojumiem no iepriek§&am nodalam, tioksantona
halogénatvasinajumiem istabas temperatlira ir noverojama luminiscences paradiba.
Tomér, neraugoties uz $o molekulu lidzibu, C1-TX un I-TX molekulu pakojums at3kiras
(sk. 3.13. att.)*.

DSar§l‘ms, K., Kemere, M., Karzinins, A., Klimenkovs, L., Bérzins, A., Sarakovskis, A., Rekis, T. Fine-tuning
solid state luminescence properties of organic crystals via solid solution formation: the example of
4-iodothioxanthone — 4-chlorothioxanthone system. Crystal Growth & Design, 2022, 22(8), 4838-4844.
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3.13. att. Molekulu pakojuma un tidenraza saiSu attelojums CI-TX (pa kreisi) un I-TX (pa
labi) struktaras.

Nemot véra, ka abas molekulas ir aromatiskas un planaras, starp molekulam pastav
7+ -1 starpmolekulara mijiedarbiba. Tomér ir svarigi atzimét, ka abas struktiiras ir arf cita
energgtiski izdeviga starpmolekulara mijiedarbiba, proti, halogénsaite. Tacu tas bieZi tiek
ignoréts, analiz€jot molekulara Iimena faktorus, kas ir atbildigi par luminiscences
paradibu.

S veida starpmolekulara mijiedarbiba ir loti specifiska un abos pakojumos** (sk. 3.13.
att.) tiek noverota atSkiriga halogén---halogén-saiSu geometrija, kas atbilst efektivas
mijiedarbibas krit€rijiem. Papildus tam, starpmolekularo mijiedarbibu energija rékinata
starp abam halogénsaiSu veidojo$ajam molekulam, aprékinata datorprogramma
Gaussian09, un attiecigi ta ir —2,93 kJ-mol* Cl---Cl sai$u parim un —11,3 kJ-mol2 I---1
saiSu parim. Lai gan n- -7 starpmolekulara mijiedarbiba abos gadijumos ir loti efektiva,
halogénsaiti var uzskatit par svarigu ieguldijumu molekulu pakojuma stabilizacija, Ipa$i
I-TX.

Saja gadijuma, kuSanas fazu diagramma parada, ka cietais $kidums spgj veidoties
starp §Tm modelvielam, t. i., veidojot divus cietos skidumus ar ierobezotu komponentu
$kidibu, pamatojoties uz attiecigo tiro vielu CI-TX un I-TX struktiram (sk. 3.14. att.).
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3.14. att. Binaras sistemas CI-TX — I-TX ku$anas faZzu diagramma. Cieto $kidumu un
atbilsto$as vienkomponentu fazes identiska zila toni, faZu maisijumi oranza krasa (pilditi
markieri — soliduss / eitektika; tuksi markieri — likviduss; Iinijas attélotas uzskatamibai).
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CI-TX struktara var ieSkist 1idz aptuveni 50 mol% I-TX (apziméts ka o cietais
skidums), lidzigi cietais skidums, kura pamata ir [-TX struktiira, veidojas komponentu
sastava lidz aptuveni 20 mol% CI-TX (apziméts ka f cietais Skidums). Atlikusaja sastava
diapazona termodinamiski stabilaka faze ir fizikals maisijums, kas satur abus cietos
Skidumus — gan a, gan f, ar attiecigajiem ierobezojosSajiem sastaviem. Derivatogrammas,
kas izmantotas fazu diagrammas konstruésanai, skatit 3.15a. attelu.

Kad tira savienojuma kristaliskaja strukttira ievieto pret€jo komponentu, tas noved pie
nesakartotas fazes veidoSanas (proti, cieta skiduma), un lidz ar to tiek izraisitas nelielas
strukturalas izmainas, pieméram, kristaliska rezga parametru novirzes. Sos efektus var
redz&t péc PXRD ainam (sk. 3.15b. att. dazadiem paraugiem). Refleksu pozicijas un
intensitate atSkiras viena un ta pasa cieta Skiduma dazadu komponentu sastava paraugos.
Komponentu sastava, kura veidojas divfazu maisijums, var novérot abu cieto $kidumu
raksturigos refleksus.
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3.15. att. Derivatogrammas (a) un PXRD ainas (b) dazadiem binaras sistemas CI-TX — I-TX
sastaviem. Krasu apziméjums ir identisks tam, kas izmantots 3.14. attela, no kristala
struktiram simulétas difrakcijas ainas — purpursarkana krasa (sarindotas atkariba no
iesverta I-TX satura).

a cieta §kiduma pamata ir C1-TX struktara, tira CI-TX luminiscences spektra joslas
maksimums novérojams aptuveni pie 600 nm. Sis joslas ierosmes spektrs satur tris
maksimumus pie 330 nm, 420 nm, 490 nm un nelielu plecu pie aptuveni 390 nm (sk.
3.16a. att.). Tas atbilst literattira zinotajiem rezultatiem par C1-TX pulveru luminiscences
1pasibam, kura galvena josla attiecinata uz fosforescenci, savukart, vajas intensitates plecs
pie aptuveni 450 nm attiecinats uz fluorescenci*!. a cietaja $kiduma apméram pusi no Cl-
TX molekulam var apmainit ar [-TX molekulam, lai gan pieejamais komponentu sastava
diapazons ir plass, luminiscences ierosinaSanas-emisijas kartes mainas diezgan
nenozimigi. Luminiscences joslai pie 600 nm CI-TX : I-TX Karté ir redzams sarkans

40



nobidits plecs pie sastava 0,50 : 0,50 (sk. 3.16b. att.). Turklat ierosmes maksimums pie
490 nm ir tikpat intensivs ka maksimums pie 330 nm un 420 nm.

(b)
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3.16. att. Istabas temperatiiras luminiscences ierosinasanas-emisijas kartes « cietajam
$kidumam divos daZados sastavos (a) un (b).

Visbeidzot, fluorescences josla pie 450 nm ir daudz izteiktaka (sk. 3.17a. att.). Dati
liecina, ka Saja konkrétaja gadijuma halogéna atoma tipam nav biitiskas ietekmes uz
fotoluminiscences mehanismu. Acimredzot, neliela atskiriba abu molekulu elektroniskaja
struktiira un starpplaknu attaluma izmainas kristaliskaja stavokli, kas rodas, kad dala no
sakotngjam CI-TX molekulam apmainas ar I-TX molekulam, neizraisa bitiskas
luminiscences spektralo Tpasibu izmainas. Savukart, pret€ja gadijuma, kad I-TX
molekulas apmainas ar CI-TX molekulam, tiek ieviestas jaunas emisijas joslas ar
maksimumiem zemakos vilnu garumos. Emisijas spektros pie Aieros. = 330 nm, kas paraditi
3.17h. attéla, to var novérot vél skaidrak. Turpmaka I-TX aizstaSana ar CI-TX izraisa
relativas intensitates izmainas starp fluorescences un fosforescences joslam.
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3.17. att. Istabas temperatiiras fotoluminiscences spektri (Lieros. = 330 NM) & cietajam
Skidumam (a) divas dazadas CI-TX : I-TX attiecibas: 1,00 : 0,00 (sarkana); 0,50 : 0,50 (zila)
un B cietajam $kidumam (b) piecas dazadas C1-TX : I-TX attiecibas.
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Svarigi atzimét, ka cieto Skidumu fotoluminiscences spektri butiski atSkiras no tiro
fazu fizikalo maisijumu fotoluminiscences spektriem tadas pa$as attiecibas (sk. 3.18. att.).
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3.18. att. Istabas temperatiiras fotoluminiscences spektri (Aieros. = 330 nm): 1) 0,40 : 0,60 (I-
TX : CI-TX) mehaniskam maistjumam (sarkana); 2) lineara kombinacija starp I-TX un Cl-
TX spektriem méroga 0,40 : 0,60 (raustita peleka); 3) 0,40 : 0,60 (I-TX : CI-TX) cietais

Skidums (zila).

p cieta skiduma pamata ir I-TX struktira un tas pastav ievérojami Sauraka
komponentu sastava diapazona neka a cietais skidums. Tikai lidz aptuveni 20 mol% I-
TX molekulu var tikt apmainitas ar C1-TX molekulam lidz tiek sasniegta $kidibas robeza.
Tomér $aja gadijuma pat dazi mol% pret&ja komponenta biitiski ietekmé luminiscences
spektralas 1ipasibas. 3.19a. attela ir att€lota tira pulverveida forma esosa I-TX
luminiscences ierosinaSanas-emisijas karte. Taja ir nov@rojama intensiva josla ar
maksimumu pie 445 nm, kas attiecinama uz fluorescenci*!. Tira I-TX fosforescences
joslas ir vajas, tacu tas mainas, kad kristaliskaja struktora tiek ievietotas CI-TX
molekulas. Tikai 2 mol% CI-TX butiski maina kartes raksturlielumus (sk. 3.19. att. (b) —
(d)).
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3.19. att. Istabas temperatiiras luminiscences ierosinasanas-emisijas kartes g cietajam
$kidumam divos daZados sastavos (a) — (d).

42



6101 Cl-TX : I-TX

6109 X : I-TX
0.05 : 0.95

.10 : 0.90
o 0 0.9

15

@

o
1

lerosinasanas vilna garums (nm)

lerosinasanas vilna garums (nm)

400 450 500 550 600 650 700 750 800
Emisijas vilna garums (nm) Emisijas vilna garums (nm)

450 500 550 600 650 700 750 800

3.19. att. (Turpinajums).

Nemot vera, izteikto fosforescences efektu, ko izraisa C1-TX satura pieaugums I-TX
matrica, ir saistits ar halogéna saiti, t. i., §T saite tieSi ir atbildiga par fosforescences
mehanismu f cietaja skiduma. Spektralo joslu relativas intensitates izmainu dé| pastav
luminiscences krasas variacijas, kas att€lotas CIE hromatiskuma diagramma (sk. 3.20.
att.) vairakam £ (uUn @) cieto $kidumu kompozicijam.

T 520 T T T

0.00 0.25 0.50 0.75
CIE x

3.20. att. CIE hromatiskuma diagramma daZadu sastavu f un a cietajiem Skidumiem,
atliktie punkti iegiiti no emisijas spektriem pie Aicros. = 330 nm (istabas temperatiira).

o cietajam Skidumam luminiscences krasa gandriz neatSkiras pat tad, ja puse no
originalajam Cl-TX molekulam tiek apmainita ar [-TX molekulam kristaliskaja struktiira.
Tacu f cieta $kiduma gadijuma — tas ir pret€ji, jo luminiscences krasojums ir stipri
atkarTgs no komponentu sastava. CI-TX satura robezas no tira Iidz 17 mol% CIE
hromatiskuma diagramma ir noverojamas lielas atSkirtbas, no ta var secinat, ka
luminiscences krasu var smalki regulét, mainot cieta Skiduma komponentu sastavu.
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3.21. att. Absoliitie fotoluminiscences kvantu iznakumi CI-TX — I-TX cietajiem $kidumiem
un mehaniskiem maisijumiem.

Absoluta fotoluminiscences kvantu iznakuma (@) atkariba no cieta Skiduma sastava
att€lota 3.21. attéla. Tiram CI-TX kvantu iznakums ir 1,7 %, tas samazinas Iidz 0,88 %,
kad tiek sasniegts komponentu sastavs 0,50 : 0,50 (I-TX — CI-TX). f cietajam $kidumam
kvantu iznakums palielinas, palielinoties C1-TX saturam, no 0,37 % lidz ~ 0,80 %.

3.4.2. Divkomponentu sistéemas, kuras satur joda, hlora, broma un
fluora atvasindjumus®

Ka zinots iepriek$gja sadala, kur binaraja sistéma, kas satur jodtioksantonu un
hlortioksantonu, iegiiti cietie $kidumi, kuru luminiscences krasu var smalki regulét,
mainot komponentu sastavu, S$aja pétijuma tika nolemts parbaudit, vai starp citiem
tioksantona halogénatvasinajumiem, t. i., abiem jau nosauktajiem savienojumiem, ka arl
bromtioksantonu un fluortioksantonu, veidojas cietie Skidumi ar smalki regulé§jamam
Tpasibam. Zinami vairaki So savienojumu polimorfi, kuru struktiiras zinamas pec
literatiiras datiem*: hlortioksantons | (P-1) Dci, bromtioksantons | (P-1) Der un
jodtioksantons | (P212:2;) Ei, struktiiras noteiktas §1 pétijuma ietvaros no: monokristala
datiem — fluortioksantons | (P21/n) Ar, Il (P212121) Br, 111 (Pc) Cr un hlortioksantons 111
(Pna21) Fci, pulvera rentgendifrakcijas datiem — hlortioksantons Il (P212121) Eci. Ka
secinats no PXRD analizes rezultatiem (sk. 3.22. att.), Br-TXANT (I forma) un Cl-
TXANT (I forma) ir savstarp&ji izostrukturalas — 3.22d. attela, un to kristali ir izomorfi*..
Cietais §kidums ar pilnigu komponentu $kidibu veidojas starp Br-TXANT un CI-TXANT
molekulam, bet citos gadijumos ta vieta veidojas divi dazadi cietie skidumi, kas ir tuvu
tiru komponentu apgabalam (sk. 3.23. attelu).

ESarEﬁns, K., Kons, A., Leduskrasts, K., Klimenkovs, 1., Bérzins, A., Rekis, T. Modulation of physico-
chemical properties via solid solution formation of thioxanthone derivatives. Manuskripts izstrades procesa.
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3.22. att. Kristalizacijas produktu PXRD ainas, kas iegiitas, kristalizéjot dazadus
tioksantona atvasinajumu vielu maisijumus: I-TXANT — Br-TXANT (a), F-TXANT - Br-
TXANT (b), I-TXANT — F-TXANT (c) un Br-TXANT — CI-TXANT (d), dazados
komponentu sastavos no acetonitrila. Cieto Skidumu un atbilsto$as vienkomponentu fazes
identiska zila toni, faZu maisijumi oranZza krasa, un no kristala struktiram simulétas
difrakcijas ainas — purpursarkana krasa (sarindotas atkariba no iesverta I-TXANT (a) un
(c), F-TXANT (b) un Br-TXANT (d) satura).

Saurs divfazu apgabals norada, ka abu molekulu atskiriba kristaliskaja struktira nav
pasi efektiva — 3.23a. attéla, sastava diapazonos >0 — 20 mol% un 50 — <100 mol% (2-
jodtioksantons), 3.23b. attéla, sastava diapazonos >0 — 5 mol% un 90 — <100 mol% (2-
bromtioksantons), 3.23c. attéla, sastava diapazona no 0 lidz 5 mol% un 98 — <100 mol%
(2-fluortioksantons) — un tas ir diezgan slikti iz8kiramas, iznemot Starp 2-
bromtioksantonu un 2-hlortioksantonu, 3.23d. attéla, kuru savstarpgja skidiba ir
neierobezota visa sastava diapazona (0 — 100 mol%).
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3.23. att. Binaru sistému kusanas fazu diagrammas: I-TXANT — Br-TXANT (a), F-TXANT
—Br-TXANT (b), I-TXANT — F-TXANT (c) un Br-TXANT — CI-TXANT (d). Krasu
apzimé&jums ir identisks tam, kas izmantots 3.22. attéla (pilditi markieri — soliduss /

eitektika; tuksi markieri — likviduss; linijas attélotas uzskatamibai).

Skaidri redzams, ka sastava diapazons, kura var iegiit Sos cietos skidumus, ir atskirigs
katra tioksantona atvasinajumu pari. Vislielaka skidiba lidz vairak neka 50 mol% tika
novérota [-TXANT — Br-TXANT sistéma, bet zemaka (mazak neka 5 mol%) F-TXANT
— Br-TXANT sisteéma. 3.24. attela CIE hromatiskuma diagramma ir att€lota vairakam
cieto Skidumu kompozicijam dazadas binaras sistemas.
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3.24. att. CIE hromatiskuma diagrammas daZadu sastavu cietajiem $Skidumiem, atliktie
punkti iegiiti no emisijas spektriem pie Aieros. = 330 nm (istabas temperatiira): I-TXANT —
Br-TXANT (a), F-TXANT — Br-TXANT (b), I-TXANT — F-TXANT (c) un Br-TXANT - CI-
TXANT (d).
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3.24. att. (Turpinajums).

Skatoties péc CIE hromatiskuma diagrammam, luminiscences krasa ir minimalas
izmainas neatkarigi no komponentu sastava izmainam. Pat cieta Skiduma Ei gadijuma
luminiscences krasa lielakoties paliek nemainiga, pat ja puse no sakotngjam I-TXANT
molekulam tiek aizstatas ar Br-TXANT molekulam kristaliskaja struktiira.

Salidzinot ar citam Seit aprakstitajam tioksantona atvasindjumu binarajam sist€mam,

shematisku formu iegiSanu un fazu parejas skatit 3.25. attela.
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3.25. att. Shematisks F-TXANT un CI-TXANT formu iegiisanas un fazu pareju attélojums
(a), difraktogrammas (b), un derivatogrammas, 10 °C-min-* (c).

P&tot nesolvatéto F-TXANT un CI-TXANT polimorfas formas, tika atklata sarezgita
cieto §kidumu sistéma. F-TXANT un CI-TXANT veido tris dazadas cieto $kidumu
sisttmas ar dal&ju komponentu $kidibu. KusSanas fazu diagramma, kura raksturotas
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nesolvatétas fazes, paradita 3.26. attela., kur attiecigi var novérot, ka F-TXANT un Cl-
TXANT veido sesSu dazadu cieto skidumu eitektiskas sisteémas.
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3.26. att. KuSanas fazu diagramma F-TXANT un CI-TXANT polimorfiem un to cietajiem
Skidumiem (pilditi markieri — soliduss; tuksi markieri — likviduss; Iinijas attélotas
uzskatamibai).

F-TXANT un CI-TXANT polimorfo formu CIE hromatiskuma diagramma att€lota
3.27. attela.
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CIE x

3.27. att. CIE hromatiskuma diagramma F-TXANT un CI-TXANT polimorfajam formam,
atliktie punkti iegiiti no emisijas spektriem pie Aicros. = 330 nm (istabas temperatiira).

Salidzinot §is divkomponentu sistémas ar iepriek$gja nodala analizéto I-TXANT — Cl-
TXANT, luminiscences krasojums tik loti nemainas, tacu galvena atzina, kas tika
noskaidrota — luminiscences krasojumu var mainit ne tikai, mainot komponentu sastavu

cietaja $kiduma, bet ari starp polimorfajam formam, ka tas ir F-TXANT un CI-TXANT
gadijuma.
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SECINAJUMI

Petitie savienojumi veido cietos Skidumus gan ar ierobezotu, gan neierobezotu
komponentu $kidibu, ko pierada iegtitas fazu diagrammas. Cieto $kidumu veidoSanas
benperidola — droperidola sistéma pierada, ka vienas molekulas sp&ja aizstat otru
dazadas fazés ir butiski atkariga no fazes kristaliskas struktiiras, to veidoSanas
aizvietotajas nitrobenzoskabés skaidri rada gan atkaribu no apmainamo funkcionalo
grupu ipasibam un tam raksturigajam starpmolekularajam mijiedarbibam, gan
kristaliskas struktiiras, savukart cieto $§kidumu veido$anas ksantona — tioksantona
sistéma un tioksantonu analogu gadijuma uzrada atkaribu no molekulu pakojuma.

Divkomponentu sistémas benperidols — droperidols solvatéto kristalizacijas produktu
desolvatacija veidojas stabils cietais $kidums ar benperidola Il polimorfas formas
kristalisko struktiru gan gadijuma, ja tiek desolvatéts cietais $kidums benperidola
solvatu strukttird, gan cietais $kidums droperidola solvatu struktiira, gan pat §adu cieto
Skidumu maistjums.

Organisko kristalu materialu fizikalo Tpasibu uzlabo$anai var izmantot cieto skidumu
veidoSanas pieeju. Novérots, ka luminiscences Tpasibu atkaribu no sastava var
sagaidit, ja tiek ietekmétas starpmolekularas mijiedarbibas, kas ir atbildigas par
luminiscenci, ko pasi ietekmé cieto $kidumu veido$anas process. Demonstréta pieeja
parada, ka pretstata vienfazes materialiem, kuros ipasibas var regulét tikai partraukta
veida, izmantojot cietos Skidumus, luminiscences raksturlielumus ir iespgjams mainit
nepartraukta veida.

Pieradits, ka benperidola — droperidola divkomponentu sistémas starpmolekularo
mijiedarbibas energiju izmainu analize, modelgjot cieto $kidumu veidoSanos, lauj
izskaidrot cieto $kidumu veidoSanas sp&ju dazadas struktiiras. Lai nesolvatétajas
struktiiras veidotos cietais $kidums plaga koncentraciju diapazona ir jasaglaba
mijiedarbibas efektivitate, savukart cieto Skidumu veidoSanas plasa koncentraciju
diapazona solvatétajas strukttras ir iespgjama, ja starpmolekularas mijiedarbibas kliist
nedaudz efektivakas.

. Noveérots, ka aizvietoto nitrobenzoskabju divkomponentu sistémas, starpmolekularo
mijiedarbibu energijas izmainu analize, modelgjot cieto $kidumu veidoSanos, nav
piemérota cieto Skidumu veidoSanas noveértéanai, jo neieklauj termiskos un
entropijas efektus. Tas skaidrojams ar to, ka at$kiriba no benperidola — droperidola
divkomponentu sistémam, aizvietoto nitrobenzoskabju divkomponentu sistémas cieto
Skidumu veidoSanas saistita ar butiskakam kimiskas struktiiras un Iidz ar to
starpmolekularo mijiedarbibu izmainam.
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ABSTRACT

Characterization of formation and physico-chemical properties of solid solutions
in multicomponent systems of structurally similar organic molecules. Sar$ins, K.,
supervisors Assoc. Prof., Dr. chem. Bérzins, A. and Rsch., Dr. chem. R&kis, T., scientific
advisor Sr. Rsch., Dr. chem. Kons, A. Summary of the collection of scientific articles in
the subfield of physical chemistry, 51 pages, 32 figures, 6 tables, 44 literature references.
In English.

This work presents a study of the formation of solid solutions between several organic
solids with similar molecular structures: active pharmaceutical ingredients benperidol and
droperidol, which differ by the presence of a single/double bond between two carbon
atoms, model substances substituted nitrobenzoic acids, which differ by the substituent
(halogen atom / methyl group / hydroxyl group), and xanthone and thioxanthone differing
by S/O atom, as well as luminophores thioxanthone derivatives differing by halogen
atoms. In each of the studied systems, mixtures of substances with different component
ratios were crystallized, and powder X-ray diffractometry and construction of phase
diagrams from thermal analysis data were used to determine the solubility of substances
in each other. In the case of benperidol and droperidol, the mutual solubility of these
substances in non-solvated and solvated crystalline structures was additionally
investigated. It was determined that in all of the cases, the formation of solid solutions is
determined by both the similarity between the steric properties of the exchanged
substituents or groups and their ability to form intermolecular interactions, as well as
because of the different intermolecular interactions the crystalline structure in which the
substituents or groups are exchanged. Quantum chemical calculations were used to assess
whether the evaluation of changes in intermolecular interactions caused by the formation
of solid solutions can be used to predict the probability of the formation of solid solutions.
It was determined that this approach works in the system benperidol — droperidol, in
which the formation of solid solutions is associated with small changes in the molecular
structure, whereas it is not applicable to substituted nitrobenzoic acids, in which changes
in the molecular structure cause significant differences in the intermolecular interactions
formed by the substances. The luminescence properties of solid solutions among
thioxanthone derivatives were also studied, by determining that in some of the solid
solutions even a small change in composition ensures a significant change in
luminescence properties, whereas in others, significant changes in composition have only
a slight effect on the luminescence properties.

Keywords: solid solution, thermal analysis, X-ray diffraction, binary phase diagram,
luminescence, computational chemistry



ABBREVIATIONS

ACN
API

Bl (etc.) / BSsotvent / EDH
Dl /Dssolvent / DDH

DFT

DH
DMSO-ds
DSC
EtOH
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HPLC

Me
MeOH
NBA
NMR
PXRD
Ssolvent
SCXRD
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TG
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XRD

H NMR
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D

)
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acetonitrile

active pharmaceutical ingredient

benperidol polymorph form / solvate / dihydrate
droperidol polymorph form / solvate / dihydrate

density functional theory
dihydrate

deuterated dimethy! sulfoxide
differential scanning calorimetry
ethanol

structure factor
hexamethyldisilazane
high-performance liquid chromatography
methyl group

methanol

nitrobenzoic acid

nuclear magnetic resonance
powder X-ray diffraction

solvate

single crystal X-ray diffraction
solid solution

thermogravimetry

thioxanthone

xanthone

X-ray diffraction
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guantum yield
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INTRODUCTION

Solid solutions among inorganic substances are widely studied and well-known solid
phases for which the structure and properties of the material are dependent on the
component ratio. Such phases and the change of properties they provide are widely found
in such material classes as metal alloys, minerals, ceramics, etc. On the contrary, solid
solutions formed between organic compounds are researched notably less oftent.
Moreover, it is reasonable to believe that solid solutions between organic substances and
the associated change of the physical properties have so far often been left without
attention and detailed study?. However, the interest in the formation of solid solutions
between organic solids has significantly increased during the last decade, which is clearly
indicated by the increase in the number of scientific publications investigating this
phenomenon, mainly by testing previously accepted and expressing new hypotheses in
the field of crystal engineering®*. Additionally, solid solutions open the opportunity to
modulate material properties by changing the composition of components in a continuous
manner®. The desired property, however, should be reasonably sensitive to the
composition of the solid solution®.

Crystal engineering approaches have been used to design and tune important physical
and/or chemical properties of crystals, such as solubility”®, melting point®, nonlinear
optical'®, and mechanical properties''. Modulation of the properties in a stepwise fashion
can be achieved by chemically modifying the constituent molecules, for example, by
changing one of the substituents in the molecular structure'?. However, establishing an
unambiguous crystal engineering strategy that would allow continuous tuning of any
property of a crystalline material is not a straightforward task. Already several decades
ago, Kitaigorodsky's works'®!* described that a big role in determining whether a solid
solution will form between the particular compounds is played by the similarity of the
size and shape of the replaceable molecules, and the formation of solid solutions is mainly
related to two concepts — structural mimicry®® and crystal isomorphism*®. However, the
large amount of crystallographic data obtained since then shows that Kitaigorodsky's
rules are not complete and require revision and development?’.

Solid solutions have been discovered and studied for multicomponent systems of
structurally similar organic molecules, where molecules differ by F/H atoms!®; by
halogen (and halogen/methyl) substituents'®; by S/O atoms?°; by presence/absence of a
heteroatom in aromatic systems?!, etc. Although taking into account the results of the
research so far, general and empirical criteria could be defined that would allow
determining the ability to form solid solutions between structurally similar molecules, the
literature describes cases in which even very similar molecules do not mix in the solid
statel’.

Therefore, the systematic acquisition of data on whether structurally similar organic
molecules are able to replace each other in the crystalline structure, ensuring the
formation of solid solutions, has a high scientific relevance, and detailed studies of
various individual systems are necessary to identify the main factors that would allow the
formulation of general laws and models to predict the probability of formation of such
phases. For this purpose, both very similar molecules xanthone and thioxanthone, which
differ by the S/O atom, and substituted nitrobenzoic acids, which differ by the substituent
(halogen atom / methyl group / hydroxyl group) and between which the formation of solid
solutions was studied in different isomers of the substance, were chosen for this research.
Pharmaceutical substances benperidol and droperidol, which differ in the existence of a
single/double bond between two carbon atoms, and in which the formation of solid
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solutions in the various non-solvated and solvated phases formed by these substances
were additionally studied.

It should be noted that only in some of the published studies the formation of solid
solutions has been investigated by determining the energy changes using quantum
chemical calculations, although such calculations are one of the ways that would allow to
arrive at the above-mentioned laws and models. Therefore, such studies have been
included as part of this work in the investigation of solid solution formation both between
the structurally relatively different substituted nitrobenzoic acids, and between the
relatively similar benperidol and droperidol in their different crystalline phases.

In addition, in the previous studies of organic substances mostly only the identification
and crystallographic analysis of the formation of solid solutions have been carried out,
and there are a limited number of studies of the possibility of such solid solutions to
change the industrially important physical properties. Therefore, thioxanthone
derivatives, which differ in halogen atoms and are room temperature luminophores, were
additionally selected for research and besides studying the formation of solid solutions
also characterizing the luminescence properties of the obtained phases.

The purpose and tasks of the doctoral thesis

The aim of this research is to use both experimental studies and quantum chemistry
calculations for the identification of the main factors that ensure the formation of solid
solutions between structurally similar organic molecules, as well as to obtain crystalline
phases with fine-tuned physico-chemical properties.

Accordingly, the tasks set to address this issue were:

1) to characterize the possibilities of the formation of solid solutions in different two-
component systems, by considering information about the diversity of the
respective crystalline phases, and describe the structure and thermodynamic
stability of the obtained solid solutions in the form of phase diagrams;

2) to characterize the luminescence properties of solid solutions formed by
thioxanthone derivatives and the dependence of these properties on the
composition of the components aimed to obtain new materials with finely
adjustable luminescence properties;

3) to perform quantum chemical calculations in the structures of solid solution
models formed by benperidol and droperidol, as well as substituted nitrobenzoic
acids aimed to clarify the possibility of using the energy changes of intermolecular
interactions for the evaluation of the possibility of solid solution formation in
different crystalline structures.

Theses

1. The ability of molecules to replace each other in different phases is determined by
both the similarity in the properties of the exchanged functional groups and their
formed characteristic intermolecular interactions, as well as the crystal structure of
the phase.

2. The solid solution formation approach can be used to fine-tune the physical properties
of organic luminophores.

3. The analysis of energy changes of intermolecular interactions by modelling the
formation of solid solutions can be used to determine the probability of the formation
of solid solutions between structurally sufficiently similar molecules.
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Scientific Novelty

Melt phase diagrams of various two-component systems have been construed,
illustrating the thermodynamic stability of the studied solid solutions, as well as
showing the potentially complicated nature of such systems (including the possibility
of the formation of polymorphic solid solutions).

. The factors regulating the formation of solid solutions between organic substances
with similar molecular structures (changing one of the atoms or functional groups), as
well as the role of the crystal structure having characteristic intermolecular
interactions in the formation of the solid solution, have been determined.

New luminescent materials with fine-tunable luminescence properties have been
obtained. There are a very limited number of previous studies of such materials in
systems made of organic compounds.

. New solid solutions, including solid solutions in several polymorphic forms of both
F-TXANT and CI-TXANT, show different luminescence properties that have been
obtained in the binary system of these substances.

By analysing the results of quantum chemical calculations in various binary systems,
the method of intermolecular interaction energy change evaluation and its application
for determining the possibility of the formation of solid solutions in various crystal
structures is demonstrated.

Practical Significance

New insights and explanations have been provided to help obtain new materials with
modified physical properties, including luminescence properties and melting
temperature, as well as laws of the formation of solid solutions between structurally
similar organic substances have been identified, gaining an understanding of structural
and interaction energy factors.

New optoelectronic materials have been obtained based on the knowledge of the
molecular and crystal structures of compounds, thus demonstrating the ability to use
crystal engineering for obtaining molecular crystal materials with fine-tunable
component-composition dependent luminescent properties.

In the comparison of the information determined in the calculations of intermolecular
interaction energy changes with the experimental data, information about the
possibilities of using such a calculation approach in predicting the formation of solid
solutions was obtained, and this can be further used by developing a general
computational chemistry methodology for predicting the formation of solid solutions.
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1. RESEARCH BACKGROUND

1.1. Structural aspects and thermodynamic characterization of
solid solutions

Structural aspects of solid solutions

Solid solutions are crystalline phases consisting of at least two components in a freely
variable composition within certain limits. Depending on the miscibility of the
components, solid solutions are divided into two types, i.e., solid solutions of unlimited
solubility of components and limited solubility of components (see Figure 1.1.):

o in solid solutions with unlimited solubility (continuous), mutual solubility of
components is observed when molecules of one substance dissolve in another
substance crystal structure in the full concentration range;

e insolid solutions with limited solubility (discontinuous), mutual solubility of
components is observed when molecules of one substance dissolve in another
substance crystal structure only up to a certain concentration?.
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Continuos solid solutions

Eutectic
Discontinuos solid solutions

[ Solid = Isostructural solid A Non-isostructural solid

Figure 1.1. Graphical representation of the solid solution formation from two solid organic
molecules?.

Thermodynamic characterization of solid solutions

Construction of a melt phase diagram of binary systems reveals the formation of solid
solutions as well as allows to characterize them by, e.g., assessing miscibility limits and
thermodynamic stability. Figure 1.2. shows principal types of phase diagrams involving
solid solutions.
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Figure 1.2. Melt phase diagrams of binary systems involving solid solution formation (with
full (a) — (c) and partial (d) miscibility in solid state).

Miscibility of organic solids to mix in complete62324 and partial composition range?-
2" have been reported for particular compounds. The phase diagram obtained for a certain
compound is governed by the thermodynamics of the respective solid phases. Cases (a)
and (b) represent miscibility in the whole composition range for non-ideal solid solutions
with maximum and minimum melting temperatures in a given ratio of components, while
case (c) represents an ideal solid solution in which the maximum and minimum melting
points correspond to pure components. The solid phases A and B in those cases are
isostructural. For case (d), however, limited miscibility arises because the solid solution
at a certain composition is no longer thermodynamically stable, and a mixture of two
phases with the limiting compositions forms instead. The miscibility region width and
other quantitative phase diagram properties are determined by properties of the solid
phases A and B, namely the enthalpies of melting and melting temperatures.

1.2. Investigation of solid solutions using various physical solid
state research methods

Many physical solid state research methods can be used for the identification of solid
solutions of which powder X-ray diffraction (PXRD), and thermal analysis (DSC) are the
most commonly used, and for determining the quantity of components — nuclear magnetic
resonance spectroscopy (NMR) and high-performance liquid chromatography (HPLC),
whereas for detailed characterization of their structures most often single crystal X-ray
diffraction (SCXRD) analysis is used. In this work, the solid state luminescence
properties of the resulting solid solutions were also investigated using photoluminescence
spectroscopy. To provide a complete and detailed analysis of solid solutions, it is
necessary to use various approaches because each of the physical solid state research
methods provides unique but limited information about the phase. A summary of the
application of physical solid state research methods in determining the characteristics of
various solid solutions is given in Table 1.1.
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Table 1.1.
Summary of physical solid state research methods to characterize solid solutions!?®

Research method

Application Luminescence

spectroscopy®
Identification of

crystalline phase v v v v v
Crystal structure v N&

Geometric information on
molecules

Hydrogen bonding
interactions (incl. weak v v
interactions)

Thermal stability v v v
Stoichiometry v v v

Phase transformation v

SCXRD PXRD NMR HPLC DSC TG

<
ENEEN
AN

Melting point v
De-solvation/-hydration v v

Luminescence properties v
2 — determination of crystal structure lattice parameters, sometimes also structure determination;
® — compounds that exhibit a luminescence phenomenon.

Solid state luminescence

Luminescence is a physical phenomenon in which the emission of electromagnetic
radiation from an excited material is observed. In the process of luminescence, electrons
from an excited state return to the ground state, initially losing part of the energy in non-
radiative processes, and only then emitting a quantum of electromagnetic radiation whose
energy corresponds to the energy difference between the involved energy levels (excited
level and ground state). The processes related to luminescence are shown in Figure 1.3.
(such a scheme of energy levels with marked processes is called a Jablonski diagram)?°.

Designations (a) — (e), which are included in in the Figure 1.3., describes the energy
transition processes in the time scale:

(a) absorption (10 % s);

(b) vibrational relaxation (104 —1071%5);
(c) fluorescence (10° - 107 s);

(d) intersystem crossing (108 — 107 s);
(e) phosphorescence (107 - 10 s).

The photophysical properties of organic luminophores are most often characterized
by photoluminescence. In the case of photoluminescence, electron excitation occurs when
the substance absorbs energy in the form of electromagnetic radiation — a quantum of
visible light (or UV).

After quantum absorption, the luminophore is excited from the singlet ground state
(So) to an excited singlet state (S1; process designation (a)) with sequential vibrational
relaxation (b) and fluorescence (c). Fluorescence is emission from excited singlet states
(Sn), and it requires three sequential processes: (a) — (b) — (c), while phosphorescence
is emission from excited triplet states (Tn), and involves four sequential processes: (a) —
(b) = (d) — (e)***.
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Figure 1.3. Schematic representation of processes related to luminescence - in the form of a
Jablonski diagram.

The most important indicator of an efficient luminophore is the photoluminescence
quantum yield (). It is defined as the ratio of photons emitted to the number of photons
absorbed and is calculated from equation (1).

By, = % 100, 1)
where @q, — quantum yield, 2P, — the sum of all emitted photons, X P, — the sum of

all absorbed photons®,

The colour of the emitted light (luminescence) of the samples can be characterized by
colour (or photometric) coordinates. Based on the luminescence spectrum of the material
and the spectral sensitivity of the human eye, the colour coordinates show what colour
the observer sees in the luminescence. Most often, the colour of light is described using
the CIE 1931 XYZ colour space (CIE — International Commission on Illumination),
which was created in 1931. Colour is described using two coordinates: x and y (see Figure
1.4.)%,

390
0.00 0.25 0.50 0.75
CIE x

Figure 1.4. CIE chromaticity diagram (CIE 1931, standard observer).
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1.3. Objects of Investigation

In total, four systems of compounds were studied (chemical structures are given in
Figure 1.5.). Two systems containing different simple model compounds: xanthone
analogues (1) both molecules are rigid, aromatic and differ only by S/O atoms®, and
substituted nitrobenzoic acids (2), they differ from each other, firstly, by the substituent
at the C2, C4 or C5 position and, secondly, by the position of the nitro group at the C2,
C3, C4 or C5 position. The diversity of nitrobenzoic acid derivatives and their isomers
solid forms have been extensively studied and the information has been available as
published data within the Department of Physical Chemistry, Faculty of Chemistry3.
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Figure 1.5. Molecular structures of systems of the compounds studied (1 — xanthone
analogues; 2 — substituted nitrobenzoic acids; 3 — benperidol (a) and droperidol (b); 4 —
thioxanthone derivatives).

A system containing active pharmaceutical ingredients (API): benperidol (3a) (1-{1-
[4-(4-fluorophenyl)-4-oxobutyl]piperidin-4-y1}-1,3-dihydro-2H-benzimidazol-2-one)
and droperidol (3b) (1-{1-[4-(4-fluoro-phenyl)-4-oxobutyl]-1,2,3,6-tetrahydro-4-
pyridyl}-1,3-dihydro-2H-benzimidazol-2-one), which are antipsychotic drugs that may
have antidepressant and anti-amnesic enhancement effects, both compounds are very
similar, and the difference is in the C8—C9 bond, which is saturated in benperidol and
therefore is part of a piperidine moiety, whereas unsaturated and a part of a 1,2,3,6-
tetrahydropyridine moiety in droperidol®$%’. The solid forms of benperidol and droperidol
have been studied in the Department of Physical Chemistry, Faculty of Chemistry®-4° by
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discovering that both substances form several polymorphic forms, hydrates, solvates with
ethanol, methanol, acetonitrile, and other solvents.

Finally, model compounds, which are room-temperature luminophores demonstrating
different luminescence properties*’: thioxanthone derivatives (4), they have a
chemically similar structures and differ from each other by the substituent at the C2
position.
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2. EXPERIMENTAL SECTION

. Routine PXRD measurements were performed with a Bruker D8 Advance
diffractometer using an X-ray tube with copper radiation (Cu Ka) with
Bragg—Brentano geometry and a LynxEye position-sensitive detector. The sample
was placed in a glass sample holder for PXRD pattern collection. The patterns were
recorded from 3° to 35° on the 20 scale, using a scan speed of 0.2 s/ 0.02° (University
of Latvia, Riga, Latvia).

. PXRD data for crystal structure determination were recorded on a Bruker D8 Discover
diffractometer using an X-ray tube with copper radiation (Cu Ke) and a LynxEye (1D)
detector in transmission mode (incident beam path was equipped with a Gobel
Mirror). The sample was loaded into borosilicate glass capillaries of 0.5 mm outer
diameter (Hilgenberg glass No. 10). A capillary spinner (60 rpm) and upper and lower
knife edges were used. The diffraction patterns were recorded on the 26 scale from 4°
to 70° at a 0.01° step size using a scan speed of 36 s per step (University of Latvia,
Riga, Latvia).

. SCXRD data were collected on a selected diffractometer. A single crystal was fixed
with oil in a nylon loop of a magnetic CryoCap and set on a goniometer head:

¢ Rigaku XtaLAB Synergy-S dualflex diffractometer equipped with a HyPix6000
detector and microfocused sealed X-ray tube with Cu Ko radiation — A =
1.54184 A (Latvian Institute of Organic Synthesis, Riga, Latvia);

o Huber 4 circle kappa diffractometer equipped with a Pilatus CdTe 1M detector
and an X-ray tube with synchrotron radiation — A = 0.61992 A (P24, PETRA
111, Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany);

e Arinax MD3 diffractometer equipped with Eiger 16M Hybrid-pixel detector
and an X-ray tube with synchrotron radiation — A = 0.68879 A (BioMAX,
MAX IV Synchrotron, Lund, Sweden).

. DSC/TGA analyses of polymorph and pseudopolymorph forms were performed with
a Mettler Toledo TGA/DSC2 instrument. Heating of samples from 25 °C to 240 °C
was performed at a heating rate of 10 °C-min* under a N flow (flow rate was 100 +
10 mL-mint). Open 100xL aluminium pans were used (University of Latvia, Latvia).

. DSC analyses of crystallization products were performed with a TA DSC 25
Instrument. Heating of samples from 25 °C to 250 °C (depending on the melting
temperature of pure components) was performed at a heating rate of 2 — 5 °C-min™*
under a N flow (flow rate was 100 + 10 mL-min™%). A 70 xL aluminium crucibles
were used, and the crucibles were crimped (University of Latvia, Riga, Latvia).

. 'H-NMR spectra of pure compounds and most of the crystallization products
dissolved in a dimethyl sulfoxide (DMSO)-ds (6 = 2.49 ppm) were recorded at a
nominal temperature of 300 K with a Bruker Fourier 300 MHz spectrometer.
Chemical shifts (5) were found in parts per million (ppm) using the residual solvent
HMDS (6 = 0.055 ppm) peak as an internal reference (University of Latvia, Riga,
Latvia).
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7.

8.

70

Photoluminescence measurements:

¢ photoluminescence spectra of the crystallization products were recorded using
an FS5 spectrofluorometer from Edinburgh Instruments equipped with a 150
W continuous xenon lamp and single-photon counting detector (Latvian
Institute of Organic Synthesis, Riga, Latvia);

e absolute photoluminescence quantum yield (APLQY) measurements were
performed with an Integrating Sphere Assembly N-MO1 (an accessory to
Edinburgh Instruments luminescence spectrometer, using direct excitation
method), and excitation-emission luminescence maps were obtained using an
Edinburgh Instruments photoluminescence spectrometer FLS1000 equipped
with a ozone generating 450 W continuous xenon lamp and a High Speed Red
Detector photomultiplier (Institute of Solid State Physics, Riga, Latvia).

Structure solution from powder data, crystallization product lattice parameters
determination, and Rietveld refinement were performed using software’s Topas5 and
Expo2014, single crystal X-ray diffraction data were integrated using CrysAlisPro
software, structure solutions and refinements were performed with the software’s
JANA2006 and Olex2, for periodical DFT-D calculations using software’s Quantum
ESPRESSO and CASTEP, CrystalExplorer for characterization of intermolecular
interactions and crystalline structures, but Gaussian09 for molecular gas phase
calculations.



3. RESULTS AND DISCUSSION

3.1. Formation of solid solutions of the xanthone -
thioxanthone (1) two-component system”

Through the studies of solid solution formation between structurally similar organic
molecules, a system which contains two model compounds — xanthone and thioxanthone,
was examined. The most elegant way to explore possible solid solution formation is to
construct a binary melt phase diagram of the desired system. A binary melt phase diagram
was constructed to explore how well both highly similar molecules are discriminated in
the solid state. It was revealed that there is no single continuous solid solution, but two
solid solutions form instead, i.e., near pure xanthone and near pure thioxanthone region
(see Figure 3.1.). This is an indication that both highly similar molecules pack differently
in the solid state. As can be seen in the phase diagram, xanthone dissolves in thioxanthone
forming a solid solution (o) in a large composition range. Crystallizing thioxanthone —
xanthone mixtures with xanthone content >0 — 80 mol% single phases were obtained.
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Figure 3.1. Melt phase diagram of xanthone — thioxanthone binary system. Solid solutions
and the corresponding single-component phases are in identical shades of blue, and phase
mixtures are in orange (closed points represent — solidus / eutectic; open symbols indicate —
liquidus; lines are present as guides for the eyes).

The DSC measurements showed a single endothermic signal for each measured
composition (see Figure 3.2a). Furthermore, PXRD patterns of the mixtures in the said
composition range (>0 — 80 mol%, xanthone content) are very similar to that of pure
thioxanthone and do not contain the characteristic peaks of pure xanthone phase (see
Figure 3.2b). The slight peak shifts and relative intensity variations are typical for solid
solutions. The DSC measurements suggest that a small amount of thioxanthone can be
dissolved in xanthone, i.e., another solid solution (f) exists for this binary system. For
example, a mixture containing 5 mol% thioxanthone melts exhibiting a single

ASar§1‘ms, K., Bérzins, A., Rekis, T. Solid solutions in xanthone — thioxanthone binary system: how well are
similar molecules discriminated in the solid state? Crystal Growth & Design, 2020, 20(12), 7997-8004.
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endothermic signal (see Figure 3.2a) and only contains the diffraction peaks characteristic
to xanthone (see Figure 3.2b).

There is a relatively narrow biphasic region in the phase diagram where physical
(different ratio) mixtures of both limiting-composition solid solutions o and £ are present.
This is associated with an additional endothermic signal in the DSC curves indicating for
the eutectic melting. In this case, the eutectic melting signals can be observed as small
but pronounced shoulders with an onset of around 169 K (see Figure 3.2a). The mixture
of two phases can also be noted in the PXRD patterns (see Figure 3.2b).

(a) . . . ‘ (b) . . . .
100 mol% |txan. sim. MJ ﬂ
89 mol%

l J100 mol%, , , |
79 mol%
58 mol% J\ 179 mol% . ax
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omen] 1

140 160 180 200 220 240 5 10 15 20 25 30
Temperature / °C 20/°
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19 mol%

14 mol%

Intensity / a.u.

Heat flow {exo up) / a.u.

Figure 3.2. DSC curves (a) and PXRD patterns (b) of selected xanthone — thioxanthone
compositions. The colour coding is identical to that used in Figure 3.1., the patterns
simulated from the crystal structure data of pure components are shown in magenta (the
indicated percentage refers to thioxanthone content).

The narrow biphasic region indicates that both molecules are discriminated in the
solid state rather poorly. In composition ranges >0 — 7 mol% and 20 — <100 mol%
(thioxanthone), both kinds of molecules are incorporated in a single phase rather than a
physical mixture of separate xanthone and thioxanthone phases forms. The large
miscibility range difference between solid solutions a and g could be explained by the
different sizes of S and O atoms. In solid solution a, it is apparently much more feasible
to substitute the thioxanthone molecules by xanthone molecules because the O atom is
considerably smaller than the S atom. Whereas for solid solution $, an ever-increasing
fraction of xanthone molecules needs to be replaced by the large S atom-containing
thioxanthone molecules to extend the composition range. Observed behaviour indicates
that even though both studied molecules are highly similar and a large part of the
composition range corresponds to solid solutions, at some limiting compositions the
molecules are discriminated in the solid state as different building blocks.

The structure of xanthone has been reported in numerous studies, where mostly the
compound has been shown to crystallize in the orthorhombic space group P2:2:2;. The
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PXRD patterns of the xanthone phases correspond to the P2:2:2; polymorph. Both
xanthone polymorphs are very similar (see Figure 3.3.). The P2:2:2; polymorph*
crystallizes with a single molecule in the asymmetric unit (Z’ = 1). The second polymorph
discovered recently*® can be considered as a monoclinic distortion (8 = 93°) of the first
one. It is described in a subgroup of P2:2:2;, namely, P2; with Z’ = 2 to compensate for
the loss of the two-fold screw axes.
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Figure 3.3. Crystal structure representations of the two known polymorphs of xanthone (left
and middle)*>* and that of thioxanthone (right).

The structure of thioxanthone has been solved and refined in the monoclinic space
group P24/c. For this structure, disorder is present and thus a statistical (pseudo)inversion
centre is created (see Figure 3.4a). The structure of the solid solution phase could be better
described in P2;. Nevertheless, the symmetry constraints for the atomic positions and the
anisotropic displacement parameters corresponding to P2i/c were actually used.
However, the occupancy for the inversely related disorder components was refined. It
was found that a slight deviation from 0.5:0.5 occupancy ratio (and thus from the P2./c
symmetry) is, in fact, present. Especially concerning the minor solid solution component
— xanthone molecule (see Figure 3.4b). The refined xanthone disorder component oxygen
atom occupancies are 0.08 and 0.17, which is 1:2 as opposed to 1:1 that would be implied
by the symmetry when choosing space group P2./c.

In spite of the great structural similarity of the xanthone and thioxanthone molecules,
they pack differently in the crystalline state. This is in accordance with the obtained phase
diagram. Were the structures of both components isostructural, a single continuous solid
solution in the whole composition range would exist instead.

Figure 3.4. Molecular site representations of pure thioxanthone (a) and thioxanthone —
xanthone [75 : 25 mol%] solid solution (b) crystal structures (the statistical
(pseudo)inversion centre is denoted with an open circle).
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Crystallographic data of the thioxanthone crystal and the crystal representing the
solid solution (75 mol% thioxanthone) are given in Table 3.1.

Table 3.1.

Crystallographic data of the structure refinements (obs. reflections: [FZ,; > 36(F,,)])

Crystal Thioxanthone Thioxanthone : Xanthone [75 : 25 mol%]
Crystal data
T/K 301 301
Formula C13HgSO 0.75 C13HsSO - 0.25 C13H30,
Formula weight / g mol™ 212.3 208.2
Crystal system Monoclinic Monoclinic
Space group P2./c P2,
alA 7.8388(7) 7.8269(4)
b/A 3.9891(2) 3.9933(2)
c/A 15.8019(11) 15.7726(7)
Bl° 101.199(7) 101.525(4)
VIA® 484.71(6) 483.02(4)
2,7 2,05 2,1
F(000) 220 217
Peatc. | g cm® 1.4544 1.4316
o/ mm™ 2.661 2.183
Meas. refl. 2455 1907
[sin(0)/Amax /| A 0.63 0.63
Unique refl. 1818 1755
Obs. refl. 1219 939
Rint, 0.0294 0.0193
Refinement
Refinement method Full-matrix least-squares of Fpg
No. of parameters 83 89
R; (obs.) 0.0413 0.0379
wR; (all) 0.0513 0.0550
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3.2. Formation of solid solutions of a substituted nitrobenzoic
acids (2) two-component systems®

The formation of solid solutions in binary systems formed by two nitrobenzoic acid
derivatives of identical scaffolds differing only by the substituent (methyl group,
hydroxyl group, or chlorine atom). The formation of solid solutions, i.e., the ability of
compounds to replace each other in their pure-state crystal structures, was explored in all
of the possible 12 binary systems (3 for each nitrobenzoic acid isomer). Binary mixtures
containing different amounts of the selected compounds were crystallized and the solid
solution formation was assessed by measuring the phase composition of the
crystallization products using PXRD and constructing the two-component phase
diagrams based on DSC measurements (see Figure 3.5.). Besides this, we also
investigated the capability of computational calculations and crystal structure analysis to
rationalize and predict the solid solution formation in the respective systems.
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Figure 3.5. Melt phase diagrams of the binary systems: 2Me4NBA — 2CI4NBA (a),
2Me5NBA - 2CI5SNBA (b), 4Me3NBA — 4CI3NBA (c) and 5Me2NBA — 5CI2NBA (d). Solid
solutions and the corresponding single-component phases are in identical shades of blue,
and phase mixtures are in orange (closed points represent — solidus / eutectic; open symbols
indicate — liquidus; lines are present as guides for the eyes).

A continuous solid solution in all of the composition ranges does not form in any of
these binary systems, but in all of the cases two different solid solutions close to the pure
component region form instead, see Figure 3.5. Therefore, to some extent, all the
methylInitrobenzoic acids dissolve in chloronitrobenzoic acids and vice-versa. These solid
solutions are designated as a (methylnitrobenzoic acids with dissolved chloronitrobenzoic
acids) and g (chloronitrobenzoic acids with dissolved methylnitrobenzoic acids), with
indices in superscript indicating the position of methyl / chloro and nitro group. In all of
the phase diagrams, there is a biphasic region where physical mixtures of both solid

BSarEl‘ms, K., Kons, A., Rekis, T., Bérzins, A. Experimental and computational study of solid solution formed
between substituted nitrobenzoic acids. Crystal Growth & Design, 2023, 23(9), 6609-6622.
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solutions with limiting compositions are present. This is clearly because the replaced
functional groups are not of identical size and does not form identical intermolecular
interactions, which results in these compounds to pack differently in the solid state and
prevent full replacement of the molecules in these crystal structures. Summarized
information on the ability of solid solutions to form in the previously analysed binary
systems of methylnitrobenzoic acids and chloronitrobenzoic acids, as well as in the other
analysed binary systems containing hydroxyl / chloronitrobenzoic acids and hydroxyl /
methylnitrobenzoic acids is given in Figure 3.6.
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Figure 3.6. Phases obtained in the crystallization of binary mixtures of various substituted
nitrobenzoic acids for several tested molar ratios (the colour coding is identical to that used
in Figure 3.5.).

The findings in these additional binary systems confirm that the composition range in
which the solid solutions can be obtained is different in each pair of nitrobenzoic acid
isomers, again likely caused by the different crystal structures. It can be seen that in the
crystallization of compositions containing primarily one of the components, a solid
solution was obtained in all of the explored binary systems, and there was also always a
biphasic region, confirming the limited solubility of these compounds in each other. The
obtained solid solutions are designated as y (hydroxynitrobenzoic acids with dissolved
chloronitrobenzoic  acids), &  (chloronitrobenzoic  acids  with  dissolved
hydroxynitrobenzoic  acids), ¢ (hydroxynitrobenzoic acids with dissolved
methylnitrobenzoic acids), and (¢ (methylnitrobenzoic acids with dissolved
hydroxynitrobenzoic acids), with indices in superscripts indicating position of the methyl
/ chloro / hydroxyl and nitro group. However, additional consideration of these systems
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clearly demonstrates that not all of the functional groups can be equally easily replaced
in the solid state. From Figure 3.6. it can be concluded that replacing methyl group-
containing molecules by chloro-containing molecules (and vice-versa) can be done to
approximately the same extent as replacing hydroxyl group-containing molecules by the
methy! group-containing molecules (from around 10 to 40 mol%). Replacing hydroxyl
group-containing molecules by the respective methyl group-containing molecules is only
achievable up to around 10 mol%. The same holds for the binary systems with chloro-
containing and hydroxyl group-containing molecules where no more than 10 mol% of the
opposite component can be incorporated in any of the eight partial solid solutions. The
comparison of the functional groups and their properties show that this is not surprising,
as replacement of hydroxyl / methyl groups and chloro / hydroxyl group are associated
with a larger change in the molecule size, as well as larger differences in the
intermolecular interactions possibly formed by the molecules, if compared to changes
introduced by replacement of methyl group and CI. It is somewhat not obvious that the
solubility of methyl group-containing molecules in hydroxy! group-containing molecules
would be high in all of the systems. However, this could be because the methyl group can
act as a donor of weak hydrogen bonds, and this could allow avoiding steep energy
increase of the crystal structure by replacing these functional groups.

The crystal structures were investigated and tried to find whether crystallographic
analysis and computational analysis of the energy associated with the molecule
replacement could provide rationalization of the solid solution formation and in general
could be used to predict the solid solution formation capability. Intermolecular interaction
energy in the experimental crystal structures and the structures modelling solid solution
(Substituted) and fully isostructural phase with complete molecule replacement
(Isostructural) were analysed (see Table 3.2.).

Table 3.2.

Change of the sum of pairwise intermolecular interaction energy calculated in
CrystalExplorer by the replacement of the functional group for the closest molecules (3.80 A)
to the replaced functional group and for the molecule pairs for which there are atoms within

a 15 A radius from the central molecule

Structure 20H4ANBA 2CI4NBA 2Me4NBA
-Cl -CH; -OH -CH; -OH -Cl
Change of E,e for the closest molecules / kJ mol
Substituted +31.4 +16.9 +6.2 +1.9 2.7 -35
Isostructural +18.3 +2.1 +7.2 +4.3 +12.9 +10.6

Change of the sum of Ejqer for the molecules within a 15 A radius / kJ mol*

Substituted +11.4 +2.9 +4.6 -5.0 +0.9 -0.9
Isostructural +15.1 +0.9 +0.5 1.6 04 +0.6
Structure 20H5NBA 2CISNBA 2Me5NBA
-Cl -CHs -OH -CHs -OH -Cl
Change of Ejqr for the closest molecules / kJ mol
Substituted +9.4 +11.0 +8.5 +1.1 +15.4 +12.0
Isostructural +5.4 +9.1 +11.3 +3.6 +14.4 +17.8
Change of the sum of E e, for the molecules within a 15 A radius / kJ mol
Substituted +12.4 +11.4 +8.8 -2.1 +7.9 +7.6
Isostructural +13.7 +10.9 +5.3 2.2 +8.2 +13.0
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Table 3.2. (Continued)

Structure 40H3NBA 4CI3NBA 4Me3NBA
-Cl -CHs -OH -CHs -OH -Cl
Change of Ejqr for the closest molecules / kJ mol
Substituted +14.8 +9.4 -10.0 -9.2 +6.4 +6.1
Isostructural +18.6 +6.9 -12.8 -19.5 +6.6 +4.4

Change of the sum of E,, for the molecules within a 15 A radius / kJ mol*

Substituted +1.3 -1.1 -6.1 -4.4 -1.3 +3.4
Isostructural +1.8 -0.7 -235 -6.1 -11.8 +6.4
Structure 50H2NBA 5CI2NBA 5Me2NBA
-Cl -CHs -OH -CH; -OH -Cl
Change of Ejqr for the closest molecules / kJ mol™
Substituted +2.6 +0.6 -6.1 —4.4 +6.0 +23.9
Isostructural +0.5 +4.7 -25.6 -14.9 +3.2 +15.7

Change of the sum of E,: for the molecules within a 15 A radius / kJ mol™
Substituted +14.9 +3.0 -5.0 -4.8 +8.2 +19.0
Isostructural +20.2 +1.9 -21.1 -7.6 -6.7 +34.4

Firstly, evaluation of the weak intermolecular interactions formed by the group being
replaced and the changes observed by the replacement in substituted and isostructural
structures clearly demonstrated that in each of the crystals, the interactions formed and
the changes occurring by the functional group replacement are different. Nevertheless,
the change in the sum of the interactions between molecules adjacent to the replaced
functional group is given in Table 3.2., could not be directly linked to the experimentally
determined solubility limit in the respective molecule pair, as there were cases where the
energy became more efficient. Secondly, a similar conclusion was observed also when
the sum of the pairwise intermolecular interaction energies for the closest molecules
within a 15 A radius from the central molecule was calculated in CrystalExplorer (for
original and isostructural structures being an approximation of lattice energy). Thirdly,
additional views on the energy differences were obtained by analysing the interaction
energy for molecule pairs formed by molecules for which there are atoms within a 3.80
A radius from the central molecule. The plots of the difference of cumulative interaction
energy from these molecule pairs with increasing distance between molecular centroids
in substituted and isostructural structures and that in the original structure are given in
Figure 3.7.
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Figure 3.7. Difference in the cumulative interaction energy from the molecule pairs with
increasing distance between molecular centroids between substituted and isostructural
structures and that of the original structure plotted by increasing distance (N = molecule

number).

In general, the energy should be compared with the alternative states available to the
system of the given composition and may require an evaluation of the thermal and entropy
effects. This is well demonstrated by comparison of the energy change associated with
replacement of selected functional groups in all the isomers, as the replacement of the
methyl group with CI, which in the crystallization experiments allowed to obtain solid
solutions with the highest achieved dissolution, in almost all the cases was calculated to
be associated with energy increase, although no one particular cause could be detected in
the analyses of intermolecular interactions in these structures and also, overall, by
increasing the number of molecule pairs considered, the energy tends to converge to the
result representing the total energy of all molecule pairs for which there are atoms within
a 15 A radius from the central molecule, as shown in Table 3.2., although for some of the
structures larger number of molecules appeared to be necessary to be included in the
summation to approach this value.

79



3.3. Formation of solid solutions of the beneperidol -
droperidol (3) two-component system®

The formation of solid solutions between two active pharmaceutical ingredients,
benperidol and droperidol has been explored by comparing the formation of solid
solutions in non-solvated forms as well as in several solvates of these compounds. To
evaluate the formation of a solid solution between droperidol and benperidol in different
phases, crystallization from a solution of mixtures of both compounds in different ratios
was carried out. Several different crystallization conditions to obtain different solid
phases — non-solvated forms (in the selected conditions polymorphs 81 or Bll could be
obtained for benperidol and polymorph P11 for droperidol), dihydrates as well as ethanol,
methanol, and acetonitrile solvates.

The solid products obtained in the crystallization, summarized in Table 3.3., were
characterized by PXRD and DSC/TG. The employed crystallization procedure always
resulted in the formation of the phase or phases with the desired composition, as non-
solvated phase or phases (I, BIl, and PI1) were obtained from isopropanol, dihydrate or
dihydrates (BDH and PDH) from acetone/water and the respective solvate or solvates
from the organic solvents (®Seton and PSewon from ethanol, BSmeon and PSmeon from
methanol and BSacn and PSacn from acetonitrile). In most of the cases crystallization of
a mixture of droperidol and benperidol produced only a single phase, meaning that a solid
solution containing both components in the respective crystal structure formed.

The results clearly show that the ability of replacing one molecule with the other
strongly depends on the crystal structure, including even different capability to
accommodate the other molecules by the isostructural solvate series PSetoH, PSmeon and
PSacn and by BSeton and BSmeon.

Table 3.3.

Phases obtained in crystallization of a mixture of benperidol and droperidol for several
selected molar ratios”

Obtained phase

Benperidol
/ mol% Nonsolvate Ethanol Methanol Acetonitrile Dihydrate
solvate solvate solvate

0 D“ DSEtOH DSMeOH DSACN DDH

5 PJI+SSBII PSEion+SSPSErom SSPSmeon SSPSacn SSPDH

10 SSBII SSBSeion SSPSmeon SSPSacn SSPDH

20 SSBII SSBSkon SSPSmeor+SSBSmeon SSPSacn SSPDH+SSBDH
30 SSEII SSBSeion SSPSmeor+SSBSmeon SSPSacn+55%Sacy  SSPDH+SSEDH
40 SSEII SSBSeion SSPSmeor+SSBSmeon SSPSacn+55%Sacny  SSPDH+SSEDH
50 SSEII SSBSeion SSBSmeon SSPSAcn+SSBSacn  SSPDH+SSEDH
60 SSBII SSPSkon SSBSmeon SSPSAcN+SSBSacy  SSPDH+SSBDH
70 SSEII SSBSeion SSBSwmeon SSPSacn+SS%Sacn SSEDH

80 SSEII SSBSeion SSBSpeoH SSBSacn SSEDH

CSar§ﬁns, K., Bérzins, A. Experimental and computational investigation of benperidol and droperidol solid
solutions in different crystal structures. Crystal Growth & Design, 2023, 23(2), 1133-1144.
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Table 3.3. (Continued)

90 SSEII SSBSeon SSBSmeon SSBSacn SSEDH

100 Bl BSkton BSmeon BSacn ®DH

* — SS designates a solid solution with a crystal structure of the respective phase. Pure phases are in bold,
and phase mixtures are in italic.

This appears both as a different limit up to which the replacement is possible as well
as even a completely different ability of one molecule to replace the other. For example,
no ability of benperidol to replace droperidol was detected in the non-solvated phase PlI
and the ethanol solvate PSeton, Whereas the replacement of benperidol with droperidol in
ethanol solvate BSeton and non-solvated phase Bll was achieved even up to a state close
to a complete substitution, as solid solutions where 90 mol% of the benperidol molecules
were replaced were obtained, see PXRD patterns in Figure 3.8. These solid solutions are
designated as SSBSeton and SSBII, respectively.

5 mol% 5 mol%

(a)

oA J.

A
J l h 30 mol% l A 30 mol%

, , 50 mol% i 50 mol%
A 70 mol% q 70 mol%

Intensity
Intensity

90 mol% 90 mol%
l ' I ELUH h A
15
26/° 20/°

Figure 3.8. PXRD patterns of crystallization products when different ratios of benperidol
and droperidol were crystallized from ethanol (a), by obtaining the ethanol solvate phase /
phases and isopropanol (b), by obtaining non-solvated phase / phases. Solid solutions are in
orange, the corresponding single-component phases are in blue, phase mixtures are in red,

and the patterns simulated from the crystal structure data of pure components are shown in
magenta (labels show the weighted molar fraction of benperidol used in the crystallization).

All of the samples obtained in the crystallization were additionally characterized by
DSC/TG analysis and solvated phases were desolvated, the obtained desolvation products
were characterized using PXRD for phase identification and DSC/TG analysis for thermal
characterization.
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In all the DSC curves of non-solvated solid solution SSBIl samples the melting
endotherm is consistent with an essentially monophasic sample (see Figure 3.9b). Across
the composition range from 90 mol% down to 10 mol% benperidol, the onset and the
peak temperature decrease monotonically as the amount of droperidol in the solid solution
increases, consistent with the presence of a single solid solution phase in these samples,
with the melting point between that of benperidol polymorph BIl (Tmer. = 165 °C) and
droperidol polymorph PIl (Tmei. = 151 °C), see the phase diagram constructed from these
data in Figure 3.10. A discontinuity in the melting behaviour is observed for 5 mol%
benperidol, as the sample contains a mixture of solid solution SSBI1 and droperidol phase
D11,
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5 mol% V 5 mol% w
NT T ~N
0mol% i ——— —— — —_— -
~~_ N/ V4
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Figure 3.9. DSC curves for the solvated solid solution SSBSeton (), obtained in the
crystallization from ethanol along with DSC curves of droperidol ethanol solvate PSeton and
benperidol ethanol solvate BSeton and the non-solvated solid solution SSBII (b), obtained in
the crystallization from isopropanol, along with DSC curves of droperidol PIl and
benperidol BIl. The colour coding is identical to that used in Figure 3.8. (labels show the
weighted molar fraction of benperidol used in the crystallization).

The DSC curves of the solvated solid solution SSBSeton (see Figure 3.9a) showed that
a single desolvation peak is present across the composition range starting from pure
benperidol to 10 mol% benperidol, and the desolvation temperature decreases
monotonically as the amount of droperidol in the solid solution increases, consistent with
the presence of a single solid solution phase in these samples. In contrast, two desolvation
peaks are present for the sample with 5 mol% benperidol, which agrees with the presence
of two solvated phases. A similar monotonic decrease of the desolvation temperature by
increasing the amount of droperidol in the solid solution was observed also for the
solvated solid solution SSBSmeon, and a tendency for the desolvation temperature to
decrease by increasing the amount of the compound replacing the original compound was
observed also for other solvated solid solutions. Besides, the melting peak of the obtained
desolvation product of SSBSeton and in most cases also that obtained from the other
solvated samples decreased monotonically over the whole composition range by
increasing the amount of droperidol in the sample. To fully understand this monotonic

82



decrease over the whole composition range, solvated samples obtained in the
crystallization were desolvated and characterized.
x(droperidol)

.0 09 08 07 06 05 04 03 02 01 00
175 f—t 1 0wy e e

Temperature / °C
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o f==}

Solid Solution

o
o

145

00 01 02 03 04 05 06 07 08 09 10
x(benperidol)
Figure 3.10. Part of a melt-phase diagram of benperidol — droperidol binary system. The
circles correspond to data from samples obtained in the crystallization from isopropanol,
and the triangles correspond to the data measured for samples obtained in the desolvation
of ethanol solvate samples and illustrate the agreement with the thermal characteristics of
samples obtained in the crystallization. The colour coding is identical to that used in Figure
3.8. and 3.9. (closed points represent — solidus; open symbols indicate — liquidus; lines are
present as guides for the eyes).

By heating the solvated samples obtained in the crystallization experiments a
desolvated product always formed prior to the physical melting of the sample.
Interestingly, the desolvation product is not dependent on the phase composition of the
solvated sample being desolvated. The desolvation product of the only solvated solid
solution existing in nearly the whole composition range, SSBSetwon, always was the non-
solvated solid solution SSEII. This is consistent with the main desolvation product of pure
benperidol ethanol solvate BSewon being polymorph Bl1. Moreover, the non-solvated solid
solution SSBI1 was obtained as the only desolvation product also by desolvating almost
all the samples obtained from methanol, acetonitrile, and acetone/water regardless of
whether the sample contained solid solution having the structure of the original
benperidol solvate, a solid solution having the structure of the original droperidol solvate
or even the mixture thereof. This was confirmed both by the PXRD patterns (see Figure
3.11. for PXRD patterns recorded for the desolvation products of dihydrate samples) of
the desolvated samples as well as by their DSC curves in which the melting endotherm
was consistent with an essentially monophasic sample with the melting onset and peak
temperatures matching that of SSBI1 having identical component composition.
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Figure 3.11. PXRD patterns of desolvation products of dihydrate samples obtained using
different ratios of benperidol and droperidol in the crystallization Solid solutions in orange,
the corresponding single-component phases are in blue, and the patterns simulated from the
crystal structure data of pure components are shown in magenta (labels show the weighted

molar fraction of benperidol used in the crystallization).

Furthermore, the main focus was on the evaluation of structural and energy-related
aspects for the formation of solid solutions by replacing part of the original molecules in
the crystal structure with the molecules of the second compound. Intermolecular
interaction energy for three sets (original, substituted, and isostructural) of structures was
calculated using Quantum ESPRESSO. The obtained data are presented in Table 3.4.
Overall, the replacement of one of the molecules is always associated with an energy
increase, which is the smallest for BI1, BSmeon, and BSeton. However, full replacement of
all the benperidol molecules with droperidol results in more efficient interactions in most
of the structures, with the highest decrease of interaction energy calculated for BSeton. In
contrast, the replacement of droperidol molecules with benperidol always results in less
efficient interactions. These results confirm that the interaction energy is an important
factor in determining the molecule replacement capability in different structures and
predict the existence of a solid solution in BSgton structure, although the facile formation
of BIl and the relatively narrow concentration range for BSacn is not predicted by these
results.
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Table 3.4.

Intermolecular interaction energy in original benperidol and droperidol crystal structures
(in kJ per mole of benperidol or droperidol) and energy change when one or all molecules in
the unit cell are replaced. For structures with Z’ > 1 the change of Einter in substituted
structures is the average value from structures where the symmetry different molecules
were replaced

Structure Bl1 BSeton BSmeon BSacn ®DH

Eineer Of benperidol structures / kJ mol™
Original —244.7 -331.6 -318.2 -288.4 -404.7

Change of Einer by insertion of droperidol / kJ mol

Substituted +2.9 +3.6 +3.0 +5.2 +7.8
Isostructural -0.7 5.4 -1.8 -3.6 +5.4
Structure o[ PSeion PSpmeon PSacn PDH

Eineer O droperidol structures / kJ mol

Original —-237.3 —284.4 —-281.0 —-275.3 —403.5

Change of Einer by insertion of benperidol / kJ mol™

Substituted +5.4 +5.5 +6.3 +4.4 +4.2
Isostructural +5.3 +7.4 +8.0 +7.6 +9.6

To identify the cause of the observed change of intermolecular interaction energy by
molecule replacement also calculated pairwise intermolecular interaction energies for the
closest molecules for all three sets of structures in CrystalExplorer. Firstly, the effect of
molecule replacement on the hydrogen bond interaction strength was evaluated.
Secondly, the effect of molecule replacement on the interaction energy for molecule pairs
forming the strongest dispersion interactions was evaluated (see Table 3.5.).

Table 3.5.

The relative average intermolecular interaction energy (in kJ mol-t) with respect to that in
the original structures for molecule pairs forming the strongest dispersion interactions

Structure B BSeion BSmeon BSacn 5DH
Substituted +0.6 -0.7 +0.6 +0.4 +2.1
Isostructural -0.2 -1.0 -0.1 -0.6 +3.6
Structure oq PSeton PSmeot PSacn °DH
Substituted +15 +0.5 +0.8 +0.4 -0.1
Isostructural +2.6 +1.9 +1.8 +2.0 0.0
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Finally, a more comprehensive view of the energy differences was presented by
analysing the interaction energy for all molecule pairs formed by molecules for which
atoms within a 3.80 A radius from the central molecule are present. Using these values,
cumulative interaction energy was calculated from the molecule pairs with increasing
distance between molecular centroids and plotted the difference between this energy in
substituted and isostructural structures and that in the original structure. Selected plots
are given in Figure 3.12.
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Figure 3.12. Difference in the cumulative energy of the molecule pairs with increasing
distance between molecular centroids between substituted and isostructural structures and
that in the original structure plotted by increasing distance (N = molecule number).

Taking into account the differences in phase composition between the considered
structures, the analysis of the intermolecular interaction energies suggests that in this
system solid solutions are more easily formed in single component phases, as a solid
solution over a wide composition range can experimentally be obtained if the molecule
replacement maintains the same interaction efficiency as in the original structure,
whereas for solvated phases formation of solid solution over a wide composition range
requires notably favourable interactions if compared to the original structure.

3.4. Formation of solid solutions of a various thioxanthone
halogen derivatives (4) two-component systems®t

3.4.1. In a two-component system containing iodine and chlorine
derivatives®

In comparison to compounds from the previous sections, halogenated thioxanthones
are organic luminophores at room temperature. However, in spite of molecule similarity,
CI-TX and I-TX have different molecular packings (see Figure 3.13.)*.

DSar§l‘ms, K., Kemere, M., Karzinins, A., Klimenkovs, L., Bérzins, A., Sarakovskis, A., Rekis, T. Fine-tuning
solid state luminescence properties of organic crystals via solid solution formation: the example of
4-iodothioxanthone — 4-chlorothioxanthone system. Crystal Growth & Design, 2022, 22(8), 4838-4844.
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Figure 3.13. Representation of the molecular packing and respective halogen bonding in Cl-
TX (left) and I-TX (right).

Considering that both molecules are aromatic and flat, there are m---m interactions
present between the stacked molecules. It is important to note that in both structures also
another energetically favourable interaction is present, namely, the halogen bonding.
Furthermore, it is often neglected when analysing molecular-level factors responsible for
luminescence effects.

This type of interaction is highly directional and both packings display different
geometry of halogen---halogen-site contacts corresponding to criteria for efficient
interactions in each case* (see Figure 3.13.). Also, interaction energy was calculated
between the respective halogen-bonded molecules, computed in Gaussian09, and it is —
2.93 kJ-mol? and -11.3 kJ-mol* for the CI---Cl bonded and I---1 bonded pairs,
respectively. While the x---n interactions are very efficient in both cases, the halogen
bonding can be considered an important contribution into the stabilization of the crystal
packing, especially for I-TX.

In this case, a melt phase diagram shows that solid state miscibility is present for this
system, i.e., there are two limited-solubility solid solutions formed based on the structures
of pure CI-TX and I-TX phases, respectively (see Figure 3.14.).
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Figure 3.14. Melt phase diagram of CI-TX — I-TX binary system. Solid solutions and the
corresponding single-component phases are in identical shades of blue, and phase mixtures
are in orange (closed points represent — solidus / eutectic; open symbols indicate — liquidus;

lines are present as guides for the eyes).
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The structure of CI-TX can accommodate up to around 50 mol% of I-TX (solid
solution «). Similarly, a solid solution that is based on the I-TX structure forms for
compositions with up to around 20 mol% of CI-TX (solid solution f). In the remaining
composition range, a thermodynamically stable system is a physical mixture of both solid
solutions a and g with the respective limiting compositions. In Figure 3.15a, DSC curves
based on which the binary melt phase diagram was construed are depicted.

When the opposite component is introduced in the crystal structure of a pure
compound, it intrinsically leads to a disordered phase (hence the name solid solution) and
consequently some minor structural changes are induced, e.g., deviations of the lattice
parameters. These effects are reflected in the PXRD patterns (see Figure 3.15b for
selected samples). Peak positions and intensities vary in different composition samples
of the same solid solution. For the compositions covering the biphasic region the
characteristic peaks of both solid solutions can be observed.
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Figure 3.15. DSC curves (a) and PXRD patterns (b) of selected CI-TX — I-TX composition
samples. The colour coding is identical to that used in Figure 3.14., the patterns simulated
from the crystal structure data of pure components are shown in magenta (the indicated
mole fraction refers to I-TX).

Solid solution « is based on the CI-TX structure, the luminescence spectrum of pure
CI-TX represents a band with a maximum intensity of around 600 nm. The excitation
spectrum for this band contains three maxima at 330 nm, 420 nm, 490 nm, and a small
shoulder at around 390 nm (see Figure 3.16a). This is consistent with the reported results
on the luminescence properties of CI-TX powders. There, the main band was attributed
to phosphorescence, while the weak intensity shoulder at around 450 nm was attributed
to fluorescence®. In solid solution o as many as around half of the CI-TX molecules can
be exchanged by I-TX. Although the accessible composition range is wide, the excitation-
emission maps change rather insignificantly. For the luminescence band at 600 nm, there
is a red-shifted shoulder present in the map of CI-TX : I-TX composition of 0.50 : 0.50

88



(see Figure 3.16b). Furthermore, the excitation maximum at 490 nm is equally intense as
the maximum at 330 nm and 420 nm.
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Figure 3.16. Room temperature excitation-emission luminescence maps of solid solution « at
two compositions (a) and (b).

Finally, the fluorescence band at 450 nm is much more pronounced (see Figure 3.17a).
The data show that in this particular case, the halogen atom type has no major influence
on the photoluminescence mechanism. Apparently, the minor difference in the electronic
structure of both molecules and interplanar spacing variation in the crystalline state
induced when part of the original CI-TX molecules are exchanged by I-TX molecules do
not result in a significant alteration of the luminescence spectral characteristics. New
emission bands are introduced with maxima at lower wavelengths. In the emission spectra
at hex = 330 nm given in Figure 3.17b, this can be observed even more clearly. Further
replacement of I-TX by CI-TX induces changes in the relative intensity between the
fluorescence and phosphorescence bands.
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Figure 3.17. Room temperature photoluminescence spectra (hex = 330 nm) of solid solution a
(a) at two CI-TX : I-TX compositions: 1.00 : 0.00 (red); 0.50 : 0.50 (blue), and solid solution
p (b) at five CI-TX : I-TX ratios.
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It is important to note that the solid solution spectra are significantly different from
those of the physical mixtures of pure phases in the same ratios (see Figure 3.18.).
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Figure 3.18. Room temperature photoluminescence spectra (kex = 330 nm) of: 1) 0.40 : 0.60

(I-TX : CI-TX) mechanical mixture (red); 2) linear combination of I-TX and CI-TX spectra
scaled 0.40 : 0.60 (dashed grey); 3) 0.40 : 0.60 (I-TX : CI-TX) solid solution (blue).

Solid solution g is based on the I-TX structure and it exists in a considerably narrower
composition range than solid solution a. Only up to around 20 mol% of the I-TX
molecules can be exchanged by CI-TX, until the solubility limit is reached. However, in
this case, even a few mol% of the opposite component has a major effect on the
luminescence spectral properties. In Figure 3.19a, an excitation-emission luminescence
map of pure I-TX in powdered form is depicted. It features an intense band with a
maximum at 445 nm that was attributed to fluorescence*. The phosphorescence bands of
pure I-TX are weak, but they change when CI-TX molecules are introduced in the crystal

structure. Only 2 mol% of CI-TX significantly changes the map characteristics (see Figure
3.19. (b) — (d)).
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Figure 3.19. Room temperature excitation-emission luminescence maps of solid solution f at
four compositions (a) — (d).
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Figure 3.19. (Continued).

Taking this into account, the pronounced phosphorescence effect caused by the
increase of CI-TX content in the I-TX matrix is related to the halogen bonding, i.e., this
bonding is directly responsible for the phosphorescence mechanism in solid solution f.
Due to relative intensity changes of the spectral bands, there is a variation of the
luminescence colour. In Figure 3.20. a CIE chromaticity diagram is depicted for several
solid solutions g (and o) compositions.

Figure 3.20. CIE chromaticity diagram of several compositions of g and « solid solutions
calculated from emission spectra excited at Aex = 330 nm (room temperature).

For solid solution « there is almost no difference in the luminescence colour even if
half of the original CI-TX molecules are exchanged by I-TX molecules in the crystal
structure. Meanwhile, the colour has a strong composition dependence in solid solution
. Within 17 mol% of CI-TX content, there is a large variation across the CIE space. The
luminescence colour can therefore be finely tuned by varying the solid solution
composition.
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Figure 3.21. Absolute photoluminescence quantum yields of CI-TX — I-TX solid solutions
and mechanical mixtures.

The absolute photoluminescence quantum yield (@) dependence on the solid
solution composition is depicted in Figure 3.21. For pure CI-TX, the quantum yield is 1.7
%. It decreases to 0.88 % as the 0.50 : 0.50 (I-TX — CI-TX) composition is reached. For
solid solution g, the quantum yield increases with increasing CI-TX content from 0.37 %
to ~0.80 %.

3.4.2. In two-component systems containing iodine, chlorine,
bromine and fluorine derivativest

As reported in the previous section, where solid solutions with fine-tunable
photoluminescence have been obtained in binary systems which contain
iodothioxanthone and chlorothioxanthone molecules, it was decided to check whether
other thioxanthone derivatives, i.e., both named compounds with bromothioxanthone and
fluorothioxanthone, can also form solid solutions with fine-tunable properties. There are
several polymorphs of pure compounds, the structures of which are known from literature
data*': chlorothioxanthone 1 (P-1) Dci, bromothioxanthone 1 (P-1) Dsr, and
iodothioxanthone | (P21212:) Ei, the structures were determined within the scope of this
study from: single-crystal diffraction data — fluorothixanthone I (P2:1/n) Ar, Il (P212121)
Br, 111 (Pc) Cr and chlorothioxanthone 111 (Pna2;) Fci, powder X-ray diffraction data —
chlorothioxanthone Il (P2:12121) Eci. As concluded from the results of PXRD analysis (see
Figure 3.22.), the Br-TXANT (I form) molecule is isostructural with CI-TXANT (I form)
— Figure 3.22d, and their crystals are isomorphous*'. A continuous solid solution in all
the composition ranges forms between Br-TXANT and CI-TXANT molecules, but in
other cases two different solid solutions close to the pure component region form instead
(see Figure 3.23.).

ESar§l‘ms, K., Kons, A., Leduskrasts, K., Klimenkovs, 1., Bérzins, A., Rekis, T. Modulation of physico-
chemical properties via solid solution formation of thioxanthone derivatives. Manuscript in process of
development.
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Figure 3.22. PXRD patterns of crystallization products obtained in crystallization of
different ratios of thioxanthone derivatives: (a) I-TXANT — Br-TXANT, (b) F-TXANT - Br-
TXANT, () I-TXANT — F-TXANT and (d) Br-TXANT - CI-TXANT from acetonitrile.
PXRD patterns of solid solutions and the corresponding single component phases are in
identical shades of blue, phase mixtures are in orange, and the patterns simulated from the
crystal structure data of pure components are shown in magenta (the indicated mole
fraction refers to I-TXANT (a) and (c), F-TXANT (b) and Br-TXANT (d)).

The narrow biphasic region implies that the solid-state distinction of both molecules
is not particularly effective — Figure 3.23a, in composition ranges >0 — 20 mol% and 50
— <100 mol% (2-iodothioxanthone), Figure 3.23b, in composition ranges >0 — 5 mol%
and 90 — <100 mol% (2-bromothioxanthone), Figure 3.23c, in composition ranges 0 — <5
mol% and 98 — <100 mol% (2-fluorothioxanthone) — and they are discriminated in the
solid state rather poorly, except for 2-bromothioxanthone and 2-chlorothioxanthone,
Figure 3.23d, where the solubility of substances is unlimited in whole composition range
(0 — 100 mol%).
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Figure 3.23. Melt phase diagrams of binary systems: I-TXANT — Br-TXANT (a), F-TXANT
— Br-TXANT (b), I-TXANT — F-TXANT (c) and Br-TXANT — CI-TXANT (d). The colour
coding is identical to that used in Figure 3.22. (closed points represent — solidus / eutectic;

open symbols indicate — liquidus; lines are present as guides for the eyes).

It can clearly be seen that the composition range in which these solid solutions can be
obtained is different in each pair of thioxanthone derivatives. The highest solubility up to
more than 50 mol% was observed for I-TXANT in Br-TXANT, whereas the lowest (less
than 5 mol%) for F-TXANT in Br-TXANT. In Figure 3.24., a CIE chromaticity diagram
is depicted for several solid solutions compositions in various binary systems.
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Figure 3.24. CIE chromaticity diagrams of several compositions of solid solutions from
emission spectra excited at Lex = 330 nm (room temperature): I-TXANT — Br-TXANT (a), F-
TXANT — Br-TXANT (b), I-TXANT - F-TXANT (c) and Br-TXANT - CI-TXANT (d).
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Figure 3.24. (Continued).

According to the CIE diagrams, there is minimal alteration in the colour of
luminescence regardless of the variations in component composition. Even in the case of
a solid solution Ei, the luminescence colour remains largely unchanged, even if half of
the original I-TXANT molecules are replaced by Br-TXANT molecules within the crystal
structure.

In comparison to other described thioxanthone derivative binary systems, F-TXANT
— CI-TXANT is the most different because both of these substances can exist in three
polymorphic forms, Figure 3.25. shows a flowchart illustrating the different polymorphs
discovered, their preparation, and observed phase transitions.
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Figure 3.25. Preparation and phase transformations of F-TXANT and CI-TXANT forms (a),
PXRD patterns (b), and DSC curves, 10 °C-min-! (c).
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Polymorph forms of both compounds were studied to show the existence of a
complicated solid solution system. F-TXANT and CI-TXANT form three different
discontinuous solid solutions systems. The melt phase diagram characterizing non-
solvated phases is given in Figure 3.26., where it can be observed that F-TXANT and CI-
TXANT form eutectic systems of six different solid solutions, respectively.
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Figure 3.26. Melt phase diagram of F-TXANT and CI-TXANT polymorphs and their solid
solutions (closed points represent — solidus; open symbols indicate — liquidus; lines are
present as guides for the eyes).

In Figure 3.27., a CIE chromaticity diagram is depicted for polymorph forms of F-
TXANT and CI-TXANT.

000 025 050 075
CIE x

Figure 3.27. CIE chromaticity diagrams of polymorph forms of F-TXANT and CI-TXANT
from emission spectra excited at Lex = 330 nm (room temperature).

When comparing these two-component systems with the I-TXANT — CI-TXANT
analysed in the previous chapter, the luminescence colouring does not change as much,
but the main insight that was clarified — the luminescence colouring can be changed not
only by changing the composition of the components in the solid solution but also
between polymorphic forms, as it is the case for F-TXANT and CI-TXANT.
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CONCLUSIONS

. The formation of solid solutions in the benperidol — droperidol system proves that the
ability of one molecule to replace another in different phases significantly depends on
the crystal structure of the phase, their formation in substituted nitrobenzoic acids
clearly shows both the dependence on the properties of the exchangeable functional
groups and their characteristic intermolecular interactions and the crystal structure,
while the solid the formation of solutions in the xanthone — thioxanthone system and
between the thioxanthone analogues shows a dependence on the molecular packing.

In the desolvation of the solvated crystallization products of the two-component
system benperidol — droperidol, a stable solid solution with the crystal structure of
benperidol polymorph form 11 is formed, regardless of whether a solid solution in the
structure of benperidol solvates, a solid solution in the structure of droperidol solvates,
or even a mixture of these solid solutions is being desolvated.

. The solid solution formation approach can be used to improve the physical properties
of organic crystal materials. It has been observed that the compositional dependence
of the luminescence properties can be expected if the intermolecular interactions
responsible for the luminescence are notably affected during the formation of solid
solutions. The demonstrated approach shows that, in contrast to single-phase
materials, where properties can be tuned only in a discontinuous manner, using solid
solutions it is possible to change the luminescence characteristics in a continuous
fashion.

It has been proven that the analysis of changes in intermolecular interaction energies
in the two-component systems of benperidol — droperidol by modelling the formation
of solid solutions allows to explain the ability of solid solutions formation in different
structures. In order to form a solid solution in non-solvated structures over a wide
range of concentrations, the efficiency of interactions must be maintained, while the
formation of solid solutions over a wide range of concentrations in solvated structures
is possible if the intermolecular interactions become slightly more efficient.

It was observed that in two-component systems of substituted nitrobenzoic acids, the
analysis of energy changes of intermolecular interactions by modelling the formation
of solid solutions is not a suitable tool for evaluating the formation of solid solutions,
probably because this approach does not include thermal and entropy effects. This is
explained by the fact that, unlike benperidol — droperidol two-component systems, the
formation of solid solutions in the two-component systems of substituted nitrobenzoic
acids is associated with more significant changes in the chemical structure and,
therefore, intermolecular interactions.
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ABSTRACT: The binary system of xanthone—thioxanthone has been
explored, showing that two solid solutions (formed based on xanthone and
thioxanthone parent structures, respectively) exist for this system. One of the
solid solutions shows miscibility of both molecules in a large composition
range (>0—80 mol % of xanthone). The structure of thioxanthone has been
redetermined to reveal a special case of nonmerohedral twinning in the
crystals. Such a twinning feature has apparently been the reason for incorrect o O 5
crystal structure determination previously. A structure of thioxanthone:x- I
anthone (75:25 mol %) solid solution is also presented. Several similar
molecules to the title compounds have been found in the Cambridge

isostructural
structures

Structural Database and shown to crystallize in structures isostructural to that
of thioxanthone. The different packing of pure xanthone is thus an exception among the explored compounds.

B INTRODUCTION

Solid solutions are multicomponent phases for which the
component ratios can be varied in continuum. Therefore, they
hold a potential for tuning molecular crystal material properties
in a smooth fashion."” The question, however, is whether the
response of a wanted property is sensitive enough to the
varying component ratio. The properties may include non-
linear optical properties, solid-state luminescence and
phosphorescence properties, and mechanical properties, like
elasticity, to name some. Recently, purely molecular solid
solutions have been explored for modulating charge transfer
and optical bandgap for possible semiconductor applications.’
This crystal engineering approach is clearly a promising one;
however, it does not seem to have gained sufficient attention
since more frequently one-component systems or multi-
component systems, like solvates, salts, and cocrystals, are
studied. Modulation of the properties (in a stepwise fashion) is
then achieved by chemically modifying the constituent
molecules, for example, by changing substituents."”
Engineering molecular solid solutions is not a straightfor-
ward task. The pioneering work on these phases was done by
Kitaigorodskii around half a century ago.*” Generally, it is the
similarity of molecule size and shape that play a role in
determining whether a solid solution between the particular
components will form. Equally important are the resulting
intermolecular interactions in the crystal structure. For
example, as we have shown in our recent work—solid solutions
may form when a similarly shaped molecule that does not
disrupt the hydrogen bonding network in the crystal structure
or can participate in this bonding equally well is introduced in
the system.'” Solid solutions have been discovered and studied
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for multicomponent systems of the following: enan-
tiomers;'' ™7 diastereomers;' ' * 72! molecules differing by
single/double bonds between two carbon atoms;zz‘23 mole-
cules differing by halogen (and halogen/methyl) substitu-
ents;”*™** molecules differing by S/O atoms;*”*° molecules
differing by F/H atoms;"' aromatic systems differing by
presence/absence of a het:erroat:om;’u*;4 molecules differing by
methyl/ethyl substituents.”” Nevertheless, up to date, only
somewhat rough and empirical guidelines could be established
to define the criteria for solid solution formation, and there are
cases when even very similar molecules do not mix in the solid
state.’® At the same time, solid solutions have been found to
form between molecules that do not display a good fit of their
shapes, sizes and electron distribution.”” ~* Detailed studies on
individual systems are therefore necessary to explore possible
formation of solid solutions in order to accumulate more
knowledge and eventually to be able to generalize the
concepts.

We report here a study of xanthone—thioxanthone binary
system. We show that xanthone and thioxanthone despite
being similar molecules pack differently in the solid state.
Nevertheless, solid solutions in a large composition range can
be obtained; i.e, up to some limit xanthone can be
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accommodated in the thioxanthone parent structure and vice
versa. We also demonstrate that a few molecules found in the
Cambridge Structural Database that are structurally similar (in
terms of their molecular structures) to the studied compounds
crystallize in structures isostructural to that of thioxanthone.
This leads to a question as to why does xanthone fall out of
this pattern.

B EXPERIMENTAL SECTION

Materials. Xanthone (99%), thioxanthone (>98%), and acetoni-
trile (99.8%) were obtained from commercial sources and used
without further purification.

Construction of Binary Melt Phase Diagram. Different ratio
compositions of xanthone and thioxanthone (a total mass of 0.15 g)
were prepared using an analytical balance. The mechanical mixtures of
the solids were then completely dissolved in 10—25 mL of acetonitrile
at 70°. The clear solutions were cooled and the solvent was allowed to
evaporate completely. The solid products were ground in a mortar
ensuring complete homogenization. Amounts of around 10 mg were
loaded in closed-type aluminum pans for DSC analysis. The analysis
were carried out on a DSC2S (TA Instruments) instrument using a
heating rate of 10 K min~". For the construction of the solidus and
liquidus lines the peak onset and offset temperatures were used,
respectively.

Collection of PXRD Patterns. The remaining samples of the
prepared xanthone—thioxanthone compositions were placed in glass
sample holders for PXRD pattern collection. A D8 Advance
(BRUKER) instrument (Bragg—Brentano 0—0 geometry) was used
equipped with a LynxEye position sensitive detector (BRUKER).
Copper radiation (Cu Ka) at a wavelength of 1.54180 A was used.
The tube voltage and current were set to 40 kV and 40 mA. The
divergence slit was set at 0.6 mm, and the antiscattering slit was set at
8.0 mm. The diffraction pattern was recorded using a scanning speed
of 15/0.02° from 3° to 35° on a 20 scale.

Single Crystals. Single crystals of pure thioxanthone and a few
thioxanthone—xanthone mixtures were grown from acetonitrile
solutions with slow evaporation. Single crystals of a suitable quality
(one of the pure thioxanthone batch and one of the thioxanthone—
xanthone batch) were selected for SCXRD analysis.

Collection of SCXRD Data. The data were collected at 301 K on
an XtaLAB Synergy-S dualflex diffractometer (RIGAKU Oxford
Diffraction) equipped with a HyPix6000 detector and a microfocus
sealed X-ray tube (Cu Ka radiation, 1 = 1.54184 A). Data were
collected by performing @-scans at a number of different x and ¢
positions.

Data Integration, Structure Solution, and Refinement. Data
were integrated using CrysAlisPro 1.171.40.74a software. A twin
matrix corresponding to a 180° rotation along the reciprocal direction
[0.45, 0, 0.90] was used to integrate both domains twinned by
nonmerohedry. Outlier rejection and reflection averaging was
performed according to Laue class 2/m (b* unique). Empirical
absorption correction using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm was used. Relevant data are
listed in Table 1.

Structure solutions and refinements were performed with the
software JANA2006fm Initially, the HKL4 file containing untwinned
data from a single twin domain was used for a crude structure solution
exploiting the Superflip algorithm."" The structure model was then
refined against the data from the HKLS file refining also the twin
volume fractions.

Due to disorder there is (statistical) inversion symmetry present in
the crystal structure of thioxanthone. It gives rise to the symmetry
corresponding to P2, /c space group. For the solid solution structure it
is not entirely true and therefore the structure is described in P2,.
However, for each of the atoms related by the pseudoinversion center
(eg al and a2) the following constraints of the atomic positions and
the ADP parameters were used: x,, = —X,1, Yoo = —Vai» Za2 = —Zans
Ul1,, = Ull,, U22, = U22,,, U33, = U33,,, Ul2, = Ul2,,, Ul3,
= U13,, U23,, = U23,,. Meanwhile, the atom occupancies (when
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Table 1. Summary of the X-ray Diffraction Data Acquisition

thioxanthone:xanthone

thioxanthone [75:25 mol %]
temperature/K 301 301
radiation type Cu Ke, 2 = 1.54184 A
No. of refl. (cell meas.) 1250 1567
0 range/deg (cell meas.) 11.49 to 74.59 694 to 73.95
crystal size/mm’ 0.30 x 0.05 x 0.02 035 X 0.03 X 0.03
T T, 0.744, 1 0.706, 1

no. of meas, unique, obs.

[I> 36(I)] refl.
Ry, (obs.), Ry (unique)

2455, 1818, 1219 1907, 1755, 939

0.0292, 0.0294 00192, 0.0193

@ range/deg 5.71 ta 75.87 573 to 76.10

Index ranges —9—he<9 —8—he9
—4e—ke—4 -5« kes
—19 « 1«19 14 —le19

different from 1) were refined individually, i.e. not considering the
inversion symmetry.
B RESULTS AND DISCUSSION

Binary Melt Phase Diagram. Chemical schemes of
xanthone and its sulfur analogue thioxanthone are depicted
in Figure 1. The molecules are rigid, aromatic and differ only

0
|

o)

Figure 1. Chemical schemes of thioxanthone (top) and xanthone
(bottom).

by $/O atoms. Besides, they lack hydrogen bond donors. Such
conditions are favorable for the respective crystal structures to
be isostructural as shown in a study of saccharin/thiosacchar-
in.*? This would imply complete miscibility in the solid state.

Binary melt phase diagram was constructed to explore how
well both highly similar molecules are discriminated in the
solid state. It was revealed that there is no single continuous
solid solution, but two solid solutions form instead, i.e., near
pure xanthone and near pure thioxanthone region (see Figure
2). This is an indication that both highly similar molecules
pack differently in the solid state.

As can be seen in the phase diagram, xanthone dissolves in
thioxanthone forming a solid solution (@) in a large
composition range. Crystallizing thioxanthone—xanthone
mixtures with xanthone content >0—80 mol % single phases
were obtained. The DSC measurements showed a single
endothermic signal for each measured composition (see Figure
3).

https://dx.doi.org/10.1021/acs.cgd.0c01241
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Figure 2. Melt phase diagram of xanthone—thioxanthone binary
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Figure 3. DSC curves of selected xanthone—thioxanthone composi-
tions used for melt phase diagram construction (the indicated
percentage refers to thioxanthone content).

Furthermore, PXRD patterns of the mixtures in the said
composition range are very similar to that of pure thioxanthone
and do not contain the characteristic peaks of pure xanthone
phase (see Figure 4). The slight peak shifts and relative
intensity variations are typical for solid solutions.

The DSC measurements suggest that a small amount of
thioxanthone can be dissolved in xanthone, i.e. another solid
solution (/) exists for this binary system. For example, a
mixture containing 5 mol % thioxanthone melts exhibiting a
single endothermic signal (see Figure 3) and only contains the
diffraction peaks characteristic to xanthone (see Figure 4).

There is a relatively narrow biphasic region in the phase
diagram where physical (different ratio) mixtures of both
limiting-composition solid solutions a and /3 are present. This
is associated with an additional endothermic signal in the DSC
curves indicating for the eutectic melting. In this case, the
eutectic melting signals can be observed as small but
pronounced shoulders with an onset of around 169 K (see
Figure 3). Mixture of two phases can also be noted in the
PXRD patterns (see Figure 4).

The narrow biphasic region indicates that both molecules
are discriminated in the solid state rather poorly. In
composition ranges >0—7 mol % and 20—<100 mol %
(thioxanthone), both kinds of molecules are incorporated in a
single phase rather than a physical mixture of separate xanthon
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Figure 4. PXRD patterns of selected xanthone—thioxanthone
compositions used for melt phase diagram construction (the indicated
percentage refers to thioxanthone content). From structure simulated
patterns shown in magenta (thioxanthone at top and xanthone at
bottom).

and thioxanthon phases forms. The large miscibility range
difference between solid solutions @ and f# could be explained
by the different sizes of S and O atoms. In solid solution e, it is
apparently much more feasible to substitute the thioxanthone
molecules by xanthone molecules because the O atom is
considerably smaller than the S atom. However, for solid
solution f, an ever-increasing fraction of xanthone molecules
need to be replaced by the large S atom-containing
thioxanthone molecules to extend the composition range.

Observed behavior indicates that even though both studied
molecules are highly similar and a large part of the composition
range corresponds to solid solutions; at some limiting
compositions, the molecules are discriminated in the solid
state as different building blocks.

Structures of Xanthone, Thioxanthone, and the
Corresponding Solid Solution. The structure of xanthone
has been reported in numerous studies, where mostly the
compound has been shown to crystallize in the orthorhombic
space group P2,2,2,.%7% Recently, another polymorph in the
monoclinic space group P2, has also been reported.*” The
PXRD patterns of the xanthone phases obtained in this study
corresponds to the P2,2,2; polymorph.

Both xanthone polymorphs are very similar (see Figure S).
The P2,2,2, polymorph crystallizes with a single molecule in

2

2

Xanthone P2,2
Xanthone P2,
Thioxanthone P2,/¢c

Figure 5.
polymorphs of xanthone

Crystal structure representations of the two known
4745 and that of thioxanthone (this work).

https://dx.doi.org/10.1021/acs.cgd.0c01241
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the asymmetric unit (Z' = 1). The second polymorph
discovered recently’® can be considered as a monoclinic
distortion (f ~ 93) of the first one. It is described in a
subgroup of P2,2,2,, namely, P2, with Z’' = 2 to compensate
for the loss of the 2-fold screw axes.

Regarding thioxanthone, there are two entries given in the
Cambridge Structural _1')atabase.49 One of them solely contains
the lattice parameters,”® for the other one there are also atomic
coordinates present.5 However, this structure is presented in
an unnecessarily large unit cell. In this study, it was discovered
that in the crystals of thioxanthone (and the corresponding
solid solution) there is a special case of nonmerohedral
twinning present. The lattices of the two twin domains are
related by a 180° rotation along the reciprocal direction [0.45,
0, 0.90]. Furthermore, a following relationship holds: la*| & 2|
c*|. Thus, there are two kinds of reflections present—the ones
with a nearly exact overlap (hkl: [ = 2n) and the ones without
an overlap (hkl: I = 2n + 1). A section (h — 1I) of the
reciprocal space reconstruction showing the relation of the
twin lattices is given in Figure 6.

Figure 6. Section (h — 1I) of the reciprocal space reconstruction
showing the relation of the twin lattices (solid lines, component #1;
dashed lines, component #2). Note that due to la*| ~ 2Ic*| reflections
hkl, I = 2n, have virtually an exact overlap while reflections hkl, | = 2n
+ 1, do not overlap.

This is indeed a tricky case of nonmerohedral twinning as
the diffraction peaks from both domains can be indexed with a
single orientation matrix if la¥| is halved. This of course leads
to a strange set of systematically absent reflections and it was
the first indication for twinning when processing this data.
Nevertheless, even performing the indexing wrongly it is
possible to get a reasonable structure solution (with a = 2a,,,).
This example demonstrates the necessity to explore the
synthetic precession images as highlighted also in the recent
paper by Linden.”'

Crystallographic data of the thioxanthone crystal and the
crystal representing the solid solution (75 mol % thioxan-
thone) are given in Table 2.

The structure of thioxanthone has been solved and refined in
the monoclinic space group P2,/c. For this structure disorder is
present and thus a statistical inversion center is created (see
Figure 7). The structure of the solid solution phase could be
better described in P2,. Nevertheless, the symmetry constraints

8000

Table 2. Crystallographic Data of the Structure Refinements
(Observed Reflections: [F> > 36(F*)])

thioxanthone:xanthone

thioxanthone [75:25 mol %]
crystal data
T/K 301 301
formula C3H SO 0.75 C,3H80:0.25 Cy3H, O,
formula weight 2123 2082
crystal system monoclinic monoclinic
space group P2,/c P2,
a/A 7.8388(7) 7.8269(4)
b/A 3.9891(2) 3.9933(2)
/A 15.8019(11) 15.7726(7)
p/deg 101.199(7) 101.535(4)
V/A® 484.71(6) 483.02(4)
2,7 2,05 2,1
F(000) 220 217
D,/g cm™ 1.4544 14316
p/mm™" 2.661 2.183
meas. refl. 2455 1907
[sin(0)/2],/A™" 063 0.63
unique refl. 1818 1755
obs. refl. 1219 939
Ryt 0.0294 0.0193
refinement
refinement method full-matrix least-squares on F
no. of parameters 83 89
Vorr:Vew 0.73:0.27 0.89:0.11
R, (obs.) 0.0413 0.0379
wR (all) 0.0513 0.0550
s 272 233
H atom treatment constr. constr.
weighting scheme w = 1/(c*(F) + 0.0001F*)
Apyule A7 0.30 0.11
Apn/e A -0.22 —0.16
“ 050y

Figure 7. Molecular site representations of thioxanthone (top) and
thioxanthone—xanthone [75:25 mol %] solid solution (bottom)
crystal structures. The statistical (pseudo)inversion center is denoted
with an open circle. Numbers represent symmetry imposed (top) and
refined (bottom) occupancies of the disorder components.

for the atomic positions and the anisotropic displacement
parameters corresponding to P2;/c were actually used.
However, the occupancy for the inversely related disorder
components was refined. It was found that a slight deviation
from 0.5:0.5 occupancy ratio (and thus from the P2,/c
symmetry) is, in fact, present. In particular, this concerns the

https://dx.doi.org/10.1021/acs.cgd.0c01241
Cryst. Growth Des. 2020, 20, 7997-8004
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Table 3. Summary of Four Isostructural Structures Formed by Thioxanthone and Other Similar Molecules

Thioxanthone

Chemical scheme

Anthrone

T/K 301 283 — 303
Space group  P2;/c P2, /e
cos
Molecular site é
a/A 7.8388(7) 7.8647(7)
b/A 3.9891(2) 3.9816(2)
¢/A 15.8019(11) 15.813(1)
B/° 101.199(7) 101.786(4)
CCDC Refcode ANTRONO1
Reference  This work 52

T-Azathioxanthone _Anthraquinone

283 — 303 283 — 303
P2i/c P2 /e

>

&
7.7308(18) 7.8684(5)
3.8585(9) 3.9634(3)
15.771(3) 15.7839(13)
99.333(9) 102.687(6)
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minor solid solution component—the xanthone molecule (see
Figure 7). The refined xanthone disorder component oxygen
atom occupancies are 0.08 and 0.17 which is 1:2 as opposed to
1:1 that would be implied by the symmetry when choosing
space group P2,/c.

In spite of the great structural similarity of the xanthone and
thioxanthone molecules, they pack differently in the crystalline
state. This is in accordance with the obtained phase diagram.
Were the structures of both components isostructural, a single
continuous solid solution in the whole composition range
would exist instead.

The molecular packing in the thioxanthone (and the solid
solution) crystal structure can be regarded as a herringbone
type with face-to-face overlap of the adjacent molecules (see
Figure S). This packing type is very favorable for the particular
materials to be suitable for organic semiconductor use.’
Furthermore, room-temperature phosphorescence of thioxan-
thone and some of its halogenated derivatives have been
recently confirmed,” which is quite rare in all-organic solid
state.

A survey in the Cambridge Structural Database® was
performed to find that exactly the same packing as for
thioxanthone is also present for compounds anthrone,” 4-
azathioxanthone (SH-1-benzothiopyrano(2,3-b)pyridin-S-
one),” and anthraquinone.”* All four structures are isostruc-
tural (see Table 3). Furthermore, they are all disordered in the
same way (except for anthraquinone which molecule is itself
centrosymmetric). For anthraquinone similar twinning has
been described.”* No details regarding possible twinning are
given for the other two compounds.

Taking into account that the structures of thioxanthone,
anthrone, 4-azathioxanthone, and anthraquinone are virtually
identical, it is most likely that solid solutions for as large as
(including xanthone) five-component system could be
obtained. This is a matter for further research as the properties
of these resulting solid solution phases could be finely tuned to
obtain materials, for example, for the already mentioned
semiconductor or room-temperature phosphorescence appli-
cations.

Why Is Xanthone an Outlier? Chemical intuition may
lead one to believe that in terms of solid state packing the
xanthone molecule is much more similar to the thioxanthone
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one than, for example, anthraquinone is to thioxanthone. Yet,
from Table 3 and Figure § it is clear that among five similar
molecules only xanthone is found to organize differently in the
solid state.

One reason for different packing could be existence of some
efficient and thus crystal-packing-determining interactions that
are not possible in other systems. For example, acridone is yet
another similar compound (see Figure 8) that forms two

0]

N
H

Figure 8. Chemical scheme of acridone.

polymorphs (HIBXOF™ and HIBXOF01°°) with molecular
packings very different from those already discussed. This is
due to the formation of hydrogen bonds between the amino
group hydrogen atoms and the oxygen atoms.

In this case, the xanthone molecule lacks a proper hydrogen
bond donor and the only possible hydrogen-bond-like
interactions would involve the phenyl group hydrogen atoms.
In both xanthone polymorphs, such contact can be observed
(see Figure 9). If xanthone were to pack the same way as
molecules listed in Table 3 a similar close contact would be
considerably longer and thus not as efficient. Nevertheless, the
described interaction is not a classical hydrogen bond and it is
not possible to directly evaluate the contribution of such
contact to directing the molecular packing toward a certain
outcome.

Another factor that might influence the observed differences
in crystal packings is molecule geometry. The C—O—C bond
lengths and the angle in xanthone molecule are considerably
different from the corresponding parameters of the C—S—C
moiety in the molecule of thioxanthone.

Finally, crystallization conditions (or phase stability/
metastability) should be considered. All structures (except

https://dx.doi.org/10.1021/acs.cgd.0c01241
Cryst. Growth Des. 2020, 20, 7997-8004
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Figure 9. Representation of close contact formation between one of
the oxygen and hydrogen atoms of xanthone molecule in the two
highly similar polymorphs (top, P2,/¢; bottom, P2,2,2,).

for xanthone P2, polymorph) discussed in this study are room
temperature structures. Xanthone might as well crystallize
similarly to thioxanthone, anthrone, 4-azathioxanthone, and
anthraquinone (and vice versa) at different temperature or
pressure.

B CONCLUSIONS

Despite being highly similar, the molecules of xanthone and
thioxanthone pack differently in the solid state. Nevertheless,
up to 80 mol % of thioxanthone in the respective crystal
structure can be substituted by xanthone. The crystals of pure
thioxanthone and the respective solid solution are twinned by a
special case of nonmerohedry. As a result an amiss structure of
thioxanthone has been previously reported. There is evidence
that another solid solution for xanthone—thioxanthone binary
system exists, i.e, a small amount of xanthone can be
substituted by thioxanthone in the corresponding xanthone
parent structure. That means that both molecules in general
are largely interchangeable in the solid state. The exact origin
of the different crystal structure packings for pure xanthone
and thioxanthone is not known. This demonstrates the
complex nature of factors directing crystallization outcome. It
is particularly intriguing for taking into account that at least
three other compounds (anthrone, 4-azathioxanthone, and
anthraquinone) do actually form isostructural structures with
thioxanthone. Moreover, similar disorder features and even
twinning behavior have been reported among the mentioned
compounds. This demonstrates that within those four
compounds the crystal packing and such fundamental features
as disorder and twinning are not affected by the chemical
differences of the molecules.
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ABSTRACT: Solid solutions with fine-tunable photolumines- fo) . .
cence have been obtained in a 4-iodothioxanthone—4-chlorothiox- Solid solution
anthone system. Both pure components are room-temperature | i i
luminophors demonstrating different luminescence properties. It engineering
was discovered that in the 4-chlorothioxanthone structure, up to

half of the molecules can be replaced by the iodo analogue S \ \

obtaining solid solutions in the respective composition range. ~

Despite this solid solution existing in such a large composition

range, the variation of the luminescence spectra is not substantial. i

In the 4-iodothioxanthone structure, only up to ~20% of the ‘
molecules can be replaced by the chloro analogue before the

composition limit of this solid solution is reached. In contrast,

there is a strong composition-dependent response of the

luminescence. A considerable change in luminescence spectra is

observed even if only a few mol % of the opposite component is added. The spectra of mechanical mixtures of pure components are
different from those of the solid solutions, which demonstrates the unique behavior of the newly obtained solid phases. This study
shows great potential to use solid solution engineering in the organic solid state to tune material properties in a continuum as
opposed to other crystal engineering approaches, leading to property tunability in a stepwise fashion.

1. INTRODUCTION The crystal engineering approach on the other hand focuses,
e.g., on polymorphism, as different crystal packings of the same

Room temperature photoluminescence of purely organic d display diff ies, including lumi
crystals is a rare phenomenon. However, it has been recently ‘°’“P°l‘b"“. isplay difterent properties, including lumines-

increasingly explored due to technologically relevant applica- cence.""” Moreover, phase anmlons. bet‘ween PhosPh.o "
tions of such materials.' ™’ Phosphorescence of organic escent  polymorphs can be induced in sttu- by Ch”}‘?'_‘i%
molecules in the crystalline state is mostly possible due to tempera.tu.re and applying pressure or mecha.n.lca..l force.

restricted molecular motions that otherwise annihilate triplet In addition to polymorphism, cocrystallization or salt
states via nonradiative rather than radiative relaxation.' The formation can be exploited, ie., cocrystallizing a molecule
crystalline state can therefore be exploited to obtain novel with several different coformers or changing the counterion of
materials with desired properties. a molecular salt in order to obtain crystals with different

) s 222
Luminescence properties of a phosphorescent crystal change luminescence properties.
by altering temperature.” Furthermore, different emission All of the aforementioned strategies produce materials with
N ' . . : N .
spectra can be observed by changing the excitation wave- their prope.rtles‘ altered in a stepwise fashion. A‘ neglected
length.” This is, however, not always enough for a reasonable crystal engineering S_’Uategy t_hat_ would ‘allow tlunlng. of any
material design. Current strategies for rationally tuning property of a crystalline material in a continuum is designed to

luminescence properties in the organic crystalline state can

be divided into (1) the chemical approach and (2) the crystal Received: March 12, 2022
engineering approach. The former aims to chemically alter Revised:  June 28, 2022
molecules known to be solid state luminophors by chan?n& Published: July 8, 2022
substituents, e.g,, halogen atoms'™"" or alkyl chain lenghts, '

or introducing other changes into the molecular struc-

11,14,15

ture,

© 2022 American Chemical Society https://doi.org/10.1021/acs.09d.2c00313
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obtain solid solutions (mixed crystals or alloys are terms with the
same meaning). Solid solutions of inorganic compounds have
been rather ively studied, including their varying
composition effect on luminescence properties.l"'" For
purely organic systems, the solid solution phenomenon has
been explored not nearly as much. There are a small number of
cases reported, where properties of molecular solid solutions
have been studied related to semiconductor applications.””"
The limited number of studies is mostly because the formation
of molecular solid solutions is not so straightforward,‘l and it is
governed by complex molecular recognition processes in the

2.5. Interaction Energy Calculations. The structures of CI-TX
and I-TX were retrieved from the Cambridge Structural Database.™
First, relaxation of the unit cell atomic positions was performed in the
program Quantum ESPRESSO ™ with ultrasoft pseudopotentials from
the original library and a 130 Ry planewave cutoff energy using PBE
functional with vdW interactions treated according to the D3 method
of Grimme.”” The unit cell volumes were fixed to the experimental
values. Convergence thresholds were set to 1.0 X 10~ and 1.0 X 107
for total energy and force, respectively.

Gaussian09™" was used for interaction energy calculations. The
calculations were performed using the MP2 functional and the DEF2-
TZVP basis set. Basis set superposition error was corrected using the
C method.

P

solid state.” In atomic lattices, it is relatively easy to exchang
similar atomic species that eventually leads to alloys. For
organic systems, it has been observed that even very similar
molecular entities sometimes cannot be interchanged in the
crystal lattice.”" To date, there are only some rough, empirical
guidelines indicating what kind of binary systems would
possibly show component miscibility in the solid state.’"’

One type of binary system deemed to form solid solutions is
a system constituting two molecules differing by the halogen
atom type.’""** Recently, halogenated thioxanthone derivatives
were studied demonstrating a reasonable luminescence in the
crystalline state.'’ This prior knowledge allows us to explore
solid solution formation in a selected halogenated thioxan-
thone system and study | ence of the ob d
materials.

The aim of this study was to obtain solid solutions of 4-
iodothioxanthone and 4-chlorothioxanthone (I-TX and Cl-
TX), to explore component miscibility limits, and to study the
solid state | ence property to the variation of
the solid solution composition.

Y

2. EXPERIMENTAL SECTION

2.1. Materials. 2-Chlorothioxanthone (>98%) and acetonitrile
(99.8%) were obtained from ¢ ial sources. 2-lodothi h
was synthesized by a cyclization reaction in concentrated sulfuric acid
media according to a synthesis method available in the literature.'”

2.2. Construction of Binary Melt Phase Diagram. Different
compositions of CI-TX and I-TX were prepared using an analytical
balance, and the resulting mechanical were then completel
dissolved in 10 to 25 mL of acetonitrile at 70°. The clear solutions
were left to evaporate until dryness. The solid products were ground
in a mortar to ensure complete homogenization. Samples of ~10 mg
were loaded in closed-type aluminum pans for DSC analysis. The
analysis was carried out on a DSC25 (TA Instruments) instrument
using a heating rate of 10 K min~", For the construction of the solidus
and liquidus lines the peak onset and offset temperatures were used,
respectively.

2.3. Collection of PXRD Patterns. Samples of the prepared Cl-
TX and I-TX compositions (see above) were measured on a D8
Advance (Bruker) instrument (Bragg—Brentano #—6 geometry)
equipped with a LynxEye position sensitive detector (Bruker).
Copper radiation (Cu Ka) at a wavelength of 1.541 80 A was used.

2.4. Photolumi ence M ts. Photolumi
measurements were performed at room temperature using an
FLS1000 spectrometer from Edinburgh Instruments equipped with
a CW 450 W xenon lamp and a cooled red photomultiplier tube for

3. RESULTS AND DISCUSSION

3.1. Engineering Novel Crystalline Phases of CI-TX
and I-TX. In spite of molecule similarity, CI-TX and I-TX have
different crystal packings (see Figure 1).'” Considering that

~CI-TX

~I-TX

T SR T &R
— ‘o0 — o
-66.1mol~! O © / Q @)

e~/

u‘mm

Figure 1. Representation of the crystal packings and respective
halogen bonding in CI-TX and I-TX. Interaction energies are given
between pairs of #-+-x-stacked and halogen-bonded molecules. Atom
colors: C (gray), O (red), S (yellow), CI (green), I (violet). Hydrogen
atoms omitted for clarity.

S

both molecules are aromatic and flat, there are #x
interactions present between the stacked molecules. Such
interactions are known to facilitate luminescence, and those
were attributed to the origin of an exceptionally efficient
luminescence of crystalline CI-TX."” However, it is important

detection. Emission maps were obtained by varying the
wavelength from 250 to 630 nm with a step of 2 nm. The absolute
photoluminescence quantum yield (APLQY) measurements were
perf d with an Integrating Sphere Assembly N-MO1, an y
to Edinburgh Instruments luminescence spectrometer FLS1000.
APLQY of the ples in a form of solid tablets
were done using direct excitation method. APLQY values were
calculated using the software Fluoracle from Edinburgh Instruments.

4839

to note that in both structures another energetically favorable
interaction is also present, namely, the halogen bonding. Apart
from being an important crystal-structure-stabilizing force,
halogen bonding has been identified to have a crucial role in
solid state luminescence.'” However, it is often neglected when
analyzin§ molecular-level factors r ible for I
effects.”” This type of interaction is highly directional, and both

ence

https://dol.org/10.1021/acs.cgd.2c00313
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packings display different g try of hal 8 halogen

contacts corresponding to criteria for efficient interactions in
each case’ (see Figure 1). We calculated the interaction
energy between the respective halogen-bonded molecules, and
it is =2.93 k] mol™" and —11.3 k] mol™" for the Cl--Cl-bonded
and I--I-bonded pairs, respectively. While the 77 interactions
are very efficient in both cases, the halogen bonding can be
considered an important contribution into stabilization of the
crystal packing, especially for I-TX.

Empirical observations in crystal engineering hint that
molecules differing merely by halogen substituents may form
solid solutions."' ™" For a solid solution to exist in the whole
composition range, it is mandatory for both pure components
to have identical crystal packings. In that case, any t

reflected in the PXRD patterns (see Figure S2 for selected
samples). Peak positions and intensities vary in different
composition samples of the same solid solution. For the
compositions covering the biphasic region, the characteristic
peaks of both solid solutions can be observed. The PXRD
results are consistent with the melt phase diagram shown
above.

Both pure compounds exhibit technologically relevant
luminiscence properties. We studied this phenomenon for
the newly obtained solid solutions to understand to what
extent the luminescence properties are altered when the
opposite component is introduced in the crystal structures.

3.2. Luminescence Properties of I-TX and CI-TX Solid
Soluti 3.2.1. Solid Solution a. Solid solution « is based

P
ratio in between can be accommodated in the respective
structure. Although it is not the case for CI-TX and I-TX,
limited-solubility solid solutions may exist, as in each pure
component structure, the opposite component molecules
might be incorporated up to some limiting composition.

The most elegant way to explore possible solid solution
formation is to construct a binary melt phase diagram of the
desired system. Not only does such a phase diagram answer the
question of whether solid solutions form, but it also
summarizes thermodynamic miscibility limits and may indicate
metastable solid solution phases.*

Indeed, the construed melt phase diagram shows that solid
state miscibility is present for this system; i.e., there are two
limited-solubility solid solutions formed based on the
structures of pure CI-TX and I-TX phases, respectively (see
Figure 2).

X(CI-TX)
0.6 0.4

1.0 0.8 0.2 0.0
T T T T
150 E
%{a -
145} .\txo.\ liquid
U ~, ~,
= 140 RN
\\% ©
135F a W\ A
Bodooel
130} a+f .
1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
x(1-TX)

Figure 2. Melt phase diagram of CI-TX~I-TX binary system (lines
are guides for the eyes).

The structure of CI-TX can accommodate up to ~50 mol %
of I-TX (solid solution a). Similarly, a solid solution that is
based on the I-TX structure forms compositions with up to
~20 mol % of CI-TX (solid solution f#). In the remaining
composition range, the thermodynamically stable system is a
physical mixture of both solid solutions @ and f with the
respective limiting compositions. In Figure S1, DSC curves on
which the binary melt phase diagram was construed are
depicted.

When the opposit p is introduced in the crystal
structure of a pure compound, it intrinsically leads to a
disordered phase (hence the name solid solution), and
consequently some minor structural changes are induced,
e.g, deviations of the lattice parameters. These effects are

P d
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on the CI-TX structure. The luminescence spectrum of pure
CI-TX represents a band with the maximum intensity of ~600
nm. The excitation spectrum for this band contains three
maxima at 330 nm, 420 nm, and 490 nm and a small shoulder
at ~390 nm (see Figure 3, top).
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maps

This is consistent with the reported results on the
luminescence properties of CI-TX powders. There, the main
band was attributed to phosphorescence, while the weak
intensity shoulder at ~450 nm was attributed to fluorescence.'’

In solid solution @ as many as around half of the CI-TX
molecules can be exchanged by I-TX. Although the accessible
composition range is wide, the excitation—emission maps

https://dol.org/10.1021/acs.cgd.2c00313
Cryst. Growth Des. 2022, 22, 48384844
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change rather insignificantly. Nevertheless, in detailed
comparison we see that for the luminescence band at 600
nm, there is a red-shifted shoulder present in the map of I-
TX:CI-TX composition of 0.50:0.50 (see Figure 3, bottom).
Furthermore, the excitation maximum at 490 nm is equally
intense to the maxima at 330 and 420 nm. Finally, the

3.2.2. Solid Solution p. Solid solution f is based on I-TX
structure, and it exists in a considerably narrower composition
range than solid solution @. Only up to ~20 mol % of the 4-
iodothioxanthone molecules can be exchanged by CI-TX until
the solubility limit is reached. However, in this case, even a few
mol % of the opposite component has a major effect on the

fluorescence band at 450 nm is notably more p ed (see
Figure 4). The data therefore show that in this particular case

| ence spectral properties. In Figure 6 (top), the
excitati inescence map of pure I-TX in the
powdered form is depicted. It features an intense band with the
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Figure 4. Room hotol ence spectra (4, = 330
nm) of solid solution a at two CL-TX:1-TX compositions: 1.0:0.0
(red); 0.5:0.5 (blue).

maximum at 445 nm that was attributed to fluorescence.'’ The
phosphorescence bands of pure I-TX are weak, but they
change when CI-TX molecules are introduced in the crystal
structure. Only 2 mol % of CI-TX significantly change the map
characteristics (see Figure 6).
New emission bands are introduced with at lower
lengths. In the spectra at A, = 330 nm given in
Figure 7, this can be observed even more clearly. Further
replacement of I-TX by CI-TX induces changes in the relative
intensity between the fluorescence and phosphorescence
bands.

We believe that the p ed phosph ence effect
caused by the increase of CI-TX content in the I.TX matrix is
related to the halogen bondmg, i.e., this bonding is directly

ponsible for the phosp in solid
lution f. In pure I-TX, the halogen bonding interaction

ence mec h

the halogen atom type has no major influence on the
ence mech The particularly efficient
luminescence in CI-TX in the prewous study was associated
with a favorable 77 stacking.'’ Apparently, the minor
difference in the electronic structure of both molecules and
interplanar spacing variation in the crystalline state induced
when part of the original CI-TX molecules are exchanged by I-
TX molecules does not result in a significant alteration of the
luminescence spectral characteristics.
It is important to note that the solid solution spectra are
significantly different from those of the physical mi of

energy is —11.3kJ mol™' (see Figure 1). When one or the
other iodine atom is exchanged by chorine, the interaction
energy efficiency is reduced to —8.66 k] mol™' and —5.06kJ
mol™". This indicates that efficient mixed halogen bonding
interactions are maintained in the solid solutions. Such
interactions are not present in mechanical mixtures of pure
I-TX and CI-TX.

Due to relative intensity changes of the spectral bands, there
is a variation of the luminescence color. In Figure 8, a CIE
chromaticity diagram is depicted for several solid solution
(and @) compositions.

For solid solution a there is almost no difference in the
luminescence color even if half of the original CI-TX molecules

pure phases in the same ratios. For example, the photo-
lummescence spectrum of a 0.4:0.6 (I-TX:CI-TX) mechanical

can be modeled as a linear c ion of the distinct
spectra of CI-TX and I-TX with the coefficients corresponding
to the compound fractions in the mixture. Meanwhile, the solid
solution with the same component ratio displays a different
spectrum (see Figure S).
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Figure 5. Room hotoluminescence spectra (4., = 330
nm) of (1) 0.4:0.6 (l TX:Cl- TX) mechanical mixture (red); (2)
linear combination of I-TX and CI-TX spectra scaled 0.4:0.6 (dashed
gray); (3) 0.4:0.6 (I-TX:CI-TX) solid solution (blue).

are exchanged by I-TX molecules in the crystal structure.
Meanwhile, the color has a strong composition dependence in
solid solution . Within a 17 mol % of CI-TX content, there is
a large variation across the CIE space. The luminescence color
can therefore be finely tuned by varying the solid solution
composmon.

The 1, Sa 1, 2 ence ! yleld A A e
on the solid solut:on composition is depicted in Flgun: S3. For
pure CI-TX, the quantum yield is 1.7%. It decreases to 0.88%
as the 0.5:0.5 (I-TX: CI-TX) composition is reached. For solid
solution f, the quantum yield increases with increasing CI-TX
content from 0.37% to ~0.8%.

4. CONCLUSIONS

We show that the solid solution approach can be used to fine-
tune luminescence properties of organic crystalline materials.
We anticipate that a strong luminescence property dependence
on composition can be expected if the intermolecular
interactions responsible for the | iscence are particularly
affected by the formation of solid solutions. We have identified
that in the studied solid solution f# there are efficient halogen
bonding interactions present that could be related with the
luminescence mechanism. Accordingly, a significant variation
of the luminescence spectra is observed. The demonstrated
approach shows that as far as single-phase materials are

https//dol.org/10.1021/acs.cgd.2¢00313
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ABSTRACT: We present an experimental and computational
study of solid solution formation between structurally highly
similar active pharmaceutical ingredients droperidol and benper-
idol in nonsolvates, dihydrates, and several solvates formed by
these comp We d that the formation of solid
solutions strongly depends on the crystal structure of the phase. In
some of the structures, almost complete replacement of benperidol
with droperidol can be achieved, whereas in other structures, the
replacement is possible only up to a limited molar ratio. However,
only limited replacement of droperidol with benperidol can be

”EHJH

{/:11:1:

QlA/-

[:]l:][:] \

achieved and only in some of the structures. The solid solution formation is primarily determined by the change in intermolecular
interaction energy resultmg from the molecule replacement. Only structures where molecule replacement allows the formation of

btained experi

efficient intermolecular i can be

The results indicate that the energy requirements of

4

intermolecular interaction changes to obtain solid solutions in the nonsolvated phase are less strict than those for solvates.

1. INTRODUCTION

Crystal engineering includes developing approaches and tools
allowing the use of already characterized crystals to predict thc
formation of unknown crystal structures and their properties.’
Approaches allowing the prediction of formation of crystal
structures of organic materials include evaluation of
intermolecular interaction complementanty and preferences,
most specifically hydrogen bonds and halogen bonds,”” and
the use of knowl b Knowledge-based
approaches are often based on data in the Cambridge Strudure
Database (CSD), such as hydrogen-bond propensity”~
nonbonded intermolecular interactions for a wide range of
chemical groups available in the IsoStar database’ or mining
the CSD for more specific information.'’”"* Also, computa-
tional tools have been developed for predicting the formation
of specific phases'*™'® or crystal structures in general.”™"”
Crystal engineering approaches have been used to design and
tune important physical properties of crystals, such as
solubility,” 021 optical”* and mechanical properties,”’ melting
point,”* etc.

Crystal engineering has been used to successfully design
strong intermolecular interactions in the solid state,”*"® but a
belief that crystal structures can now be easily designed is
overly optimistic, as often only the dominant supramolecular
synthons are designed and part of the success lies in the
exploitation of the limited number of functional groups having
notably different properties.”*** For example, it has been
shown’”* that in the case of competing lnteractlons,
successful prediction is highly chall g or
Moreover, weak intermolecular interactions, their contnbuuon

he:
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to the stability of the crystal structure, and the effect of slight
alteration of such interactions is even harder to be predicted
and estimated.’' ~** However, polymorph structures often are a
result of an interplay of weak intermolecular interactions and
conformation, while strong interactions could be unal-
tered.”" ™' The rationalization of interactions in multi-
component phases is often even more challenging, and the
propensity of a compound to form sol and cocrystals in
general cannot be reliably predicted. Nevertheless, factors
responsible for solvate formation for specific compounds have
been identified,”” "' and there are strategies for the prediction
of formation of multicomponent phases for defined com-
pounds.”* ™"

Weak intermolecular interactions are very important in the
formation of molecular solid solutions. The main requirement
for the formation of solid solutions clearly is the miscibility of
the components in the solid state.’ Tlus depends on two
related concepts—structural mimicry'®"” and crystal iso-
morphism.***” It has long been demonstrated that primarily
the size and shape of the entities have to be similar for a
molecule replacement in the crystal lattice and formation of
solid solution,”*™>* provided the replacement does not break
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Figure 1. Molecular structure of (a) droperidol and (b) benperidol with the numbering of non-hydrogen atoms and labeling of flexible torsion

angles.

the intermolecular hydrogen bonding network and limitations
regarding the dipole moment are followed.”” The weak
intermolecular interactions, however, are often weak enough
so that their alteration will not exclusively prevent the
formation of solid solutions but important enough to
determine the replacement possibilities.”’ Nevertheless, it is
reported that solid solutions between similar molecules can be
obtained if the exchanged atoms or groups are not involved in
energetically notable directional or electrostatic interac-
tions."** ™" Overall, the studies of whether the replacement
of relatively similar functional groups of organic molecules
would allow the formation of either isostructural phases”’ or
solid solutions™ have gained increasing attention as a tool to
develop or test the rules of crystal engineering.””*’ Moreover,
solid solutions can be used to modify and fine-tune various
properties of crystals,"*"" including solubility,"** optical
properties,""' etc.

In this study, we explored the solid solution formation
between two drug molecules: droperidol, 1-{1-[4-(4-fluoro-
phenyl)-4-oxobutyl]-1,2,3,6-tetrahydro-4-pyridyl}-1,3-dihydro-
2H-benzimidazol-2-one (Figure 1a), and benperidol, 1-{1-[4-
(4-fluorophenyl)-4-oxobutyl]piperidin-4-yl}-1,3-dihydro-2H-
benzimidazol-2-one (Figure 1b). The molecular structures of
both compounds are very similar, and the difference is in the
C8—C9 bond, which is saturated in benperidol and therefore is
a part of a piperidine moiety, whereas it is unsaturated and a
part of a 1,2,3,6-tetrahydropyridine moiety in droperidol.

The solid form landscapes of both compounds have been
explored."*®” Droperidol forms four polymorphs (in ambient
crystallization, 11 is obtained) and 11 solvates, including a set
of isostructural solvates (methanol solvate ®Sy.op, ethanol
solvate PSg,oy, acetonitrile solvate S,cy, and nonstoichio-
metric hydrate "NSH), and a dihydrate "DH. Benperidol
forms five polymorphs (in ambient crystallization, ®I and Il
are obtained) and 11 solvates, including two sets of
isostructural solvates (type 1 solvates with methanol ®Sy.on
and ethanol "oy and type 2 solvate with acetonitrile ®S,cx)
and a dihydrate "DH.

A possibility for the formation of isostructural phases among
these compounds has been studied by concluding that in
conventional crystallization, no isostructural phase between
both compounds is obtained, but some are accessible via cross-
seeding.”” Unique structures for each of the compounds are
attributed to differences in the weak intermolecular inter-
actions introduced by the molecular differences.

In this study, the formation of solid solutions between
droperidol and benperidol has been explored by comparing the
formation of solid solutions in nonsolvated forms as well as in
several solvates of these compounds. Computational calcu-
lations were performed to get an insight into the factors
responsible for the differences in droperidol and benperidol
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solubility limits in several different phases formed by the other
molecule and to evaluate the effects of intermolecular
interactions, leading to the observed solubility differences.

2. EXPERIMENTAL SECTION

2.1. Materials. Benperidol polymorph ®I (purity >99%) and
droperidol polymorph PII (purity >99%) were obtained from JSC
Grindeks (Riga, Latvia). Organic solvents of analytical grade were
purchased from commercial sources and used without further
purification.

2.2. Crystal Phase Prep Solid sol (SS) f
was tested by recrystallization of benperidol and droperidol mixtures
(in different ratios from 5 to 95 mol % benperidol). Nonsolvated
droperidol and benperidol phases were prepared by dissolving a
mixture of droperidol and benperidol in isopropanol at 70 °C
(obtaining a nearly d solution) and rapidly cooling the
solution to =S °C. Droperidol and benperidol dihydrate samples were
obtained by dissolving a mixture of droperidol and benperidol in
acetone at 50 °C (obtaining a nearly d sol ), slowly
adding a similar volume of water, and storing the resulting mixtures at
5 °C. Droperidol and benperidol ethanol, methanol, and acetonitrile
solvate samples were obtained by dissolving a mixture of droperidol
and benperidol in the respective solvent at 60—70 °C (obtaining a
nearly saturated solution) and rapidly cooling the solution to —$ °C.
More details of the crystallization experiments can be found in Table
S1 in the Supporting Information.

The obtained solvated ples (¢ g cither pure solid
solution or a mixture of solid solutions in the case of limited
solubility) were desolvated by heating at 80 °C (ethanol solvate and
dihydrate samples) or 120 °C (methanol and acetonitrile solvate
samples) to test the phase obtained after the desol

2.3. Powder X-ray Diffraction (PXRD). All of the obtained
crystallization products were characterized by PXRD. The PXRD
patterns were d at ambi P on a D8 Advance
(Bruker) diffractometer using copper radiation (Cu Ka) at a
wavelength of 1.54180 A, equipped with a LynxEye position-sensitive
detector. The tube voltage and current were set to 40 kV and 40 mA.
The divergence slit was set at 0.6 mm, and the antiscatter slit was set
at 8.0 mm. The diffraction patterns were recorded using a 0.2 5/0.02°
scanning speed from 3 to 35° on the 26 scale.

2.4. Diffe ial Scanning Calorimetry/Thermog y
(DSC/TG). The differential scanning calorimetry/thermogravimetry
(DSC/TG) analysis was performed with a TGA/DSC 2 (Mettler
Toledo). Open 100 uL aluminum pans were used. Heating of the
samples from 25 to 240 °C was performed at a 10 °C min~" heating
rate. Samples of § to 10 mg mass were used, and the nitrogen flow
rate was 100 + 10 mL min™".

2.5. Nuclear Magnetic Resonance (NMR) Spectroscopy. 'H
NMR spectra of pure benperidol and droperidol and most of the
crystallization products dissolved in dimethyl sulfoxide (DMSO)-d
were recorded at a nominal temperature of 300 K with a Fourier 300
MHz (Bruker) spectrometer. Chemical shifts (5) were found in parts
per million (ppm) using the residual solvent peak as an internal
reference. For quantitative determination of each compound in the
mixture, the '"H NMR area of peaks at 10.82 (1H, s), 1.56 (2H, q),

https/dol.org/10.1021/acs.cgd.2c01269
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and 1.52 (2H, t) ppm were used for benperidol and at 10.90 (1H, s),
5.81 (1H, t), and 2.64 (2H, t) ppm for droperidol.

2.6. Theoretical Calculations. Theoretical calculations were
performed for three sets of crystal structures as in our previous
study.”” The first set (original) comprised experimental crystal
structures of droperidol and benperidol polymorphs and solvates and
included dropendol polymurph "Il GIXXOB,” dihydrate "DH
DRPRDL,” and solvates ®Sg,o XOKKEP, PSy; oy XOKLAM, and
S ,cx XOKJUE® as well as benperidol polymorph "I BENPRLO02,
dihydrate "DH DUJPAB, and solvates "Sgon DUJXAJ, ®Syecon
UHIZAO, and ®S,cx DUJXIR.”” As the solvent molecules in "Sgop
and PSy.on are disordered over two ori ions related by inversion
symmetry,” the starting geometries of "Sp,0y and "Sy.op without
disorder were prepared in P1 symmetry by discarding one of the
solvent molecule’s orientation. The second set (isostructural)
comprised structures in which all of the molecules of the original
compound (e.g, benperidol) were replaced with molecules of the
other compound (e.g, droperidol) (see Figure 2). The third set

% W% e

Original Substituted Isostructural

[0l

Substituted A ——=—~

e

OIC
Substituted B

@

Original

@,.

+all®) @\
“al® @

Isostructural

Figure 2. Schematic representation of the construction of substituted
and isostructural structures from the original structures used for the
calculations. The upper part shows the construction of substituted
and isostructural structures from an original benperidol structure, and
the lower part shows construction of the two different possible
substituted structures A and B involving doubling the unit cell size
and the isostructural structure from an original droperidol structure
with Z' = 2.

(sul d) comprised for which y was d,
unit cell size was set to Z = 4 (Z = 6 for lll) and one molecule of the
original compound out of 4 (or out of 6 for "II) was exchanged to the
molecule of the other compound (see Figure 2). For droperidol
"Spiom "Sweom and PSycy, as well as benperidol ®S,cy, this meant
doubling the unit cell volume, and for structures with Z' = 2 or 3,

structures, d d with A, B, and C, were obtained by
substitution of each of the symmetrically unique molecule. In
preparation of isostructural and substituted structures, conversion of
benperidol to droperidol always resulted in two sets of structures with
different locations of the double bonded C8—C9. Among these two
alternatives, only the structure with the lowest energy after the

y opti in Q ESPRESSO (see below) was
considered and analyzed.

Calculation of total cell energy and total intermolecular interaction
energy of all of the structures was performed using Quantum
ESPRESSO’" after relaxation of pmmom of all atoms and the unit
cell with ultrasoft ials from the original
pseudopolenhal library and a 44 Ry plane wave cutoff energy using
the Perdew—Burke—Ernzerhof (PBE) functional with van der Waals
(vdW) interactions treated according to the D2 method of Grimme.”
The p of ¢ d ials, and the k-point
grid were used as suggested for structure optimizations of
pharmaceutical molecules.” The energy of isolated molecules for
calculation of total intermolecular interaction was determined by

g a single molecule from the optimized crystal structure and
placing it inside a cubic unit cell with dimensions 40 X 40 x 40 A%,
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The total intermolecular interaction energy was calculated as the
difference between the total cell energy and a sum of all of the
energies of isolated molcculcs present in the unit cell.

Pairwise inter 1 ion ener, lations for all of the
structures were performed in CrystalExplorer 17.5 at the B3LYP/6-
31G(d,p) level by calculating the pairwise interaction energies for
molecules for which atoms are within 3.80 A of the central molecule.
Crystal structures were used after the geometry optimization in
Quantum ESPRESSO.

The calculati of i lecular energy were performed in
Gaussian 09”' at the M06-2X/6- 31++G(d,p) level of theory. The
potential energy surface (PES) scans of the ﬂenble torsion angles’
were used to d the mini P ial energy conformati
These conf were d, and energy of the
global minimum was found for both molcculn:s Further, benperidol
and droperidol geometry was cxtractcd from all of the considered
structures (after g y op ion in Q ESPRESSO),
and y opti was performed using Gaussian
09 by freezing the torsion angles 7, 7,, and 7 to the values as in the
crystal structures. Intramolecular energy was calculated as the energy
difference between the constrained and the global minimum
geometry.

2.7. Crystal Structure Comparison and Analysis. Mercury
2020.2.0 software”* was used for crystal structure visualization and
analysis, including analysis and overlay of conformers present in the
experimental and the modified crystal structures. Crystal structures
after geometry optimization in Quantum ESPRESSO were used.

3. RESULTS AND DISCUSSION

As reported previously,””***” the small differences in the

molecular structure of benperidol and droperidol alter the
possibility of the central ring to form weak intermolecular
interactions, which is the reason why these two highly similar
compounds form different crystal structures. Nevertheless, the
formation of a droperidol solvate "**PS,, ., isostructural to
the benperidol solvate as well as ****DH and ®**II in the
mixture with the original droperidol phases "DH or l’Il was
observed in the performed cross-seeding experiments.” The
formation of such phases confirms that droperidol can
crystallize in structures originally observed for benperidol,
which also suggests that the formation of solid solutions
between these two compounds can be expected. Additionally,
these results also suggest that the likelihood of the exchange of
these molecules in the solid state depends on the crystal
structure (exchange of benperidol with droperidol in the
structure of ethanol solvate "Sy,q,, is the easiest, and it is also
possible in structures of "DH or PII, whereas the exchange of
droperidol with benperidol was not observed).

In this study, we explore the formation of solid solution as a
tool to understand how easily one compound can replace the
other one in the solid state and use computational calculations
to identify the reasons for the different replacement capabilities
in different crystal structures.

3.1. Experimental Characterization of Solid Solution
Formation in Different Phases. 3.1.1. Solid Solutions
Obtained in Crystallization. To evaluate the formation of
solid solution between droperidol and benperidol in different
phases, we initially crystallized mixtures of both compounds in
different ratios from solution. We used several different
crystallization conditions to obtain different solid phases—
nonsolvated forms (in the selected conditions polymorghs g
or "II could be obtained for benperidol and polymorph I for
droperidol), dihydrates, and ethanol, methanol, and acetoni-
trile solvates. The crystallization conditions for the preparation
of these phases were chosen based on the already reported

https//dol.org/10.1021/acs.cgd. 201269
Cryst. Growth Des. 2023, 23, 11331144
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Table 1. Phases Obtained in Crystallization of a Mixture of Benperldol and Droperidol for Several Selected Molar Ratios

under Conditions Producing N I or the Selected Sol
obtained phase
benperidol (mol %) nonsolvate ethanol solvate methanol solvate acetonitrile solvate dihydrate

0 i PSson PSyeon PSacn "DH

5 TR DS ucis + SS®Swon 88780 S8, e SSPDH

10 ss'1n 85" {15 - [ - SS"DH

20 ss*in SS"Spon 88”8y, + S8"Sy, SSPS,cx SS"DH + SS*DH
30 ss'1n S8"Sp0n 85”8y, + SS"Sy, 88”8, cn + SS"Sxcn SS"DH + S§"DH
40 ss'11 §8"S501 S80S, + SS"Sy, S8 cn + SS"Spcn SS"DH + SS"DH
50 ss™n SS"S o SS"Syon SSPSacn + SSPSpcn SS"DH + SS"DH
60 ss'1 §5"Sp0n 8878, e 8S°S,cn + SS"Spcn SS"DH + S§"DH
70 ss'in 88"Sy0n SSPSyeon SSPSacn + SSPSpcn SS"DH

80 ss"n S8"Spon SS®Speon SS"S,cn SS"DH

90 ss'n S8"Sy0n 88%8 som SS"S o SS"DH
100 "t Seion Seon "Sacn "DH

“SS designates solid solution with a crystal structure of the respective phase. Pure phases are in bold, and phase mixtures are in italic.
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Figure 3. PXRD patterns of crystallization products when different r.mos of benpendol and droperidol were crystallized from (a) ethanol by

obtaining the ethanol solvate phase or phases and (b) i P by o

dditional ioi

g d phase or phases. Labels show the weighted molar

fraction of benperidol used in the crystallization. PXR.D for

are given in the Supporting Information. Solid

solutions are in orange, phase mixtures in red, pure henperidol and droperidol phases in blue, and patterns simulated from crystal structures in

magenta.

procedures for obtaining the respectlve single-component
phases and solvates of these compounds.”’

The solid products obtained in the crystallization were
characterized by PXRD and DSC/TG. The phases present in
the samples were identified based on the agreement with the
PXRD patterns of droperidol and benperidol polymorphs and
solvates reported previously’*"” and are given in Table 1. The
employed crystallization procedure always resulted in the
formation of the phase or phases with the desired composition,
as the nonsolvated phase or phases ("I, "II, and PII) were
obtained from isopropanol, dihydrate or dihydrates ("DH and
l’DH) from acetone/water and the respective solvate or
solvates from the organic solvents ("Syoy and PSgoy from
ethanol, ®Sy.on and PSyeon from methanol, and ®S,cy and
DS ,cn from acetonitrile). In most of the cases, crystallization of
a mixture of droperidol and benperidol produced only a single

1136

phase, meaning that a solid solution (designated by SS)
containing both comp in the respective crystal structure
formed (see Table 1). The benperidol/droperidol ratio in the
obtained products was confirmed by recording 'H NMR
spectra of selected samples and was always close to the
weighted ratio (see Supporting Information).

The results presented in Table 1 clearly show that the ability
to replace one molecule with the other strongly depends on the
crystal structure, including even different capabilities to
accommodate the other molecules by the isostructural solvate
series "Sgom "Smeom and "Syen and by *Sgon and PSyeon.
This appears both as a different limit up to which the
replacement is possible as well as even a completely different
ability of one molecule to replace the other. For example, no
ability of benperidol to replace droperidol was detected in the
nonsolvated phase "IT and the ethanol solvate "Sy,oy, whereas

https://dol.org/10.1021/acs.cgd.2c01269
Cryst. Growth Des. 2023, 23, 1133~1144
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Figure 4. DSC curves for (a) the solvated solid solution S§”S,qy; obtained in the crystallization from ethanol along with DSC curves of droperidol
ethanol solvate PSp,qyy and benperidol ethanol solvate ®Sg,oy and (b) the Ivated solid solution SS®II obtained in the crystallization from

isopropanol, along with DSC curves of droperidol "Il and benperidol *IL. The labels represent the benperidol content used in the crystallization.
Solid solutions are in orange, phase mixtures in red, and pure benperidol and droperidol phases in blue.

the replacement of benperidol with droperidol in ethanol original droperidol phases "Sy.on, "Sacny and "DH, although

solvate ®Sg,y and nonsolvated phase PIT was achieved even up only for relatively small benperidol contents of up to 10 mol %
to a state close to a complete substitution, as solid solutions for PSy.on and "DH and 20 mol % for PS,cy.
where 90% of the benperidol molecules were replaced were 3.1.2. Characterization of the Obtained Solid Solutions.

obtained (see PXRD patterns in Figure 3). These solid All of the samples obtained in the crystallization were
solutions are designated as S$8"Sy,o and SSPII, respectively. additionally characterized by DSC/TG analysis, and solvated

These observations match well with the results of the cross- phases were desolvated. The obtained desolvation products
seeding experiments performed previously,”” where a droper- were characterized using PXRD for phase identification and
idol ethanol solvate ®**PSy . isostructural to the benperidol DSC/TG analysis for thermal characterization. More details on
ethanol solvate was obtained in a pure form and formation of the characterization of the crystallization products are provided
DisoBIl was also clearly observed. Therefore, it can be in the Supporting Information.
concluded that either a fully isostructural structure "8, In all of the DSC curves of nonsolvated solid solution SS®IT
in which all of the benperidol molecules are replaced with samples, the melting endotherm is consistent with an
droperidol exists and just was not obtained in the experimental essentially monophasic sample (see Figure 4). Across the
conditions using S mol % benperidol, or instead of just seeding, composition range from 90 mol % down to 10 mol %
a solid solution containing a small amount of benperidol was benperidol, the onset and the peak temperature decrease
actually obtained in the previously performed experiments.”” monotonically as the amount of droperidol in the solid
Crystallization of pure benperidol from isopropanol in our solution increase, consi with the p e of a single solid
performed experiments produced pure benperidol polymorph solution phase in these samples, with the melting point being

P], even though a very similar approach has been used”” to between that of benperidol polymorph *II (T, = 165 °C)
prepare polymorph PIL. However, when a small quantity of and droperidol polymorph PII (T, = 151 °C) (see the phase

droperidol (5 mol %) was added, ®I was still detected as the diagram constructed from these data in Figure 5). A
only crystallization product. 'H NMR measurements (see discontinuity in the melting behavior is observed for 5 mol
Supporting Information) indicated that droperidol was present % benperidol, as the sample contains a mixture of solid

only in trace amounts and therefore likely the obtained sample solution SS®II and droperidol phase "IL
contained an impurity of the droperidol phase not detectable The DSC curves of the solvated solid solution SS"Sg,qy
by the PXRD method (Figure S13). This suggests that showed that a single desolvation peak is present across the
droperidol apparently does not replace benperidol molecules in composition range starting from pure benperidol to 10 mol %
the structure of ®I in contrast to the structure of PII where benperidol, and the desolvation temperature decreases
almost complete replacement was achieved. ically as the of droperidol in the solid
A different outcome was observed for methanol and solution increases, consistent with the presence of a single solid
acetonitrile solvates and dihydrates. For these phases, solution phase in these samples. In contrast, two desolvation
droperidol was able to replace benperidol molecules in the peaks are present for samples with 5 mol % benperidol, which
original benperidol phases Sy.on "Sacxs and "DH in a agrees with the presence of two solvated phases. A similar
limited range of up to 50 or 70 mol % of benperidol depending monotonic decrease of the desolvation temperature by
on the particular solvated phase. Moreover, in contrast to the increasing the amount of droperidol in the solid solution was
ethanol solvate and nonsolvated phases, in this case, also observed for the solvated solid solution $§"Sy,.oy, and a
benperidol was able to replace droperidol molecules in the tendency for the desolvation temperature to decrease by
1137 https/doi.org/10.1021/acs.cgd.2¢c01269
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Figure 5. Part of a melt-phase diagram of the benperidol—droperidol
binary system obtained from the DSC measurements. The circles
correspond to data from samples obtained in the crystallization from
isopropanol and were used to construct the phase diagram, in which
the lines are guides for the eyes. The triangles correspond to the data
measured for samples obtained in the desolvation of ethanol solvate
samples and illustrate the agreement with the thermal characteristics
of samples obtained in the crystallization.

increasing the amount of the compound replacing the original
compound was also observed for other solvated solid solutions.
In addition, the melting peak of the obtained desolvation
product of 8§”8p,oy and in most cases that obtained from the
other solvated samples also decreased monotonically over the
whole composition range by increasing the amount of
droperidol in the sample. To fully understand this monotonic
decrease over the whole composition range, solvated samples
obtained in the crystallization were desolvated and charac-
terized.

By heating the solvated samples obtained in the crystal-
lization experiments, a desolvated product always formed prior
to the physical melting of the sample. Interestingly, we
observed that the desolvation product is not dependent on the
phase composition of the solvated sample being desolvated.
The desolvation product of the only solvated solid solution
existing in nearly the whole composition range, 88"S,oy, was
always the nonsolvated solid solution SS®II. This is consistent
with the main desolvation product of pure benperidol ethanol
solvate Sgoy being polymorph PIL”" Moreover, the non-
solvated solid solution SS®II was obtained as the only
desolvation product also by desolvating almost all of the
samples obtained from methanol, acetonitrile, and acetone/
water regardless of whether the sample contained solid
solution having a structure of the original benperidol solvate,
solid solution having a structure of the original droperidol
solvate, or even the mixture thereof. This was confirmed both
by the PXRD patterns (see Figure 6 for PXRD patterns
recorded for the desolvation products of dihydrate samples and
Supporting Information) of the desolvated samples as well as
by their DSC curves, in which the melting endotherm was
consistent with an essentially monophasic sample with the
melting onset and peak temperatures matching that of SS™II
having an identical component composition (see Supporting
Information). The formation of SS"II in the desolvation of
phase mixture is also consistent with the already reported
formation of phase isostructural to "Il in desolvation of a
mixture of "DH and ""**DH obtained in the cross-seeding
experiments’’ and suggests that in those experiments "**"DH
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Figure 6. PXRD patterns of desolvation products of dihydrate
samples obtained using different ratios of benperidol and droperidol
in the crystallization. Labels show the weighted molar fraction of
benperidol used in the crystallization. Solid solutions are in orange,
pure benperidol and droperidol phases in blue, and patterns simulated
from crystal structures in magenta.

must have actually been SS*DH containing some benperidol
from the used seed material.

Considering the desolvation process, the desolvation of all of
the solvates should be associated with recrystallization of the
sample and is not a simple structure rearrangement after the
solvent loss,” which could not lead to the formation of a
single solid solution phase SS™1 regardless of the phase or
phases present in the solvated sample.

In general, the formation of solid solution SS"II both in
crystallization and desolvation experiments as the only
nonsolvated crystal structure in cases when both benperidol
and droperidol are present indicates its superior stability
compared to any other nonsolvated binary phase or even a
mixture of benperidol and droperidol single-component
phases.

3.2. Structural and Computational Characterization
of Solid Solutions. A detailed comparison of the crystal
structures of benperidol and droperidol by focusing on the
reasons for the formation of different crystal structures and
comparison of the experimental structures with those of mostly
hypothetical isostructural phases is already available.”” In this
study, however, we focus on the evaluation of structural and
energy-related aspects for the formation of solid solutions by
replacing part of the original molecules in the crystal structure
with the molecules of the second compound. I was not
considered as the solid solution formed in the benperidol
structure "II and part of the computational calculations was
not pessible for "I because of the large size (Z = 18) of its unit
cell.

3.2.1. Comparison of Molecular Conformation. A
comparison of the crystal structures of benperidol and
droperidol nonsolvates and solvates shows that only for a
pair of nonsolvates "II-"II and acetonitrile solvates, the same
hydrogen bonding motif is present, whereas in all of the other
cases (most pairs of identical solvates, including dihydrates,
where chains are formed by different hydrogen bonds), it is

6,77

https://doi.org/10.1021/acs cgd 2¢01269
Cryst. Growth Des. 2023, 23, 1133-1144

129



Crystal Growth & Design

pubs.acs.org/crystal

Table 2. Basic Crystal Structure Information of Selected Benperidol and Droperidol Phases, by Comparing Structures of

Benperidol and Droperidol Nonsol and Sol C g the Same Solvent in Pairs”
structure space group 2z hydrogen bonding 7, (deg) 7, (deg) RMSD (A)
486 -787 0.936/1.061/0.846"
11 P1 6/3 R; (8) dimers 3L1 —168.5
59.5 -80.2
i P2, /c 41 R} (8) dimers -130.8 1652
"DH P2,/n 411 chains with water* -109.3 —58.5 0614
"DH J/n 4/1 chains with water* -1293 —54.1
PSeon P2,/c 41 G (10) w/s -109.9 -704 0.655/0.672°
PSpon Pl 2/1 R; (8) dimers + D w/s” -1253 —65.1
126.7° 64.9°
PSneon P, /c 4/1 G (10) w/s -108.5 -714 0.658/0.662°
PSiion P1 2/1 R} (8) dimers + D w/s” -1233 —-65.9
125.2° 67.0°
L Pl 2/1 R} (8) dimers -1139 719 0.831/0.829
PSacx Pl 2/2 Ri (8) dimers -1269 —-63.6
1260 64.1
“The values of torsion angles 7, and 7, introducing the largest structure diversity are given after g y opti in Q ESPRESSO.
t-mean-square deviation (RMSD) value for L, d: atom p for each dent b idol molecule. “Chains are

formed by different hydrogen bonds (see Figure $19). “w/s = with solvent. “The value for the second symmetry mdtpendent molecule in the P1

space group as modeled in Quantum ESPRESSO is given in italic.

Table 3. Intramolecular Energy of Benperidol and D idol in Original Str and Energy Penalty (in kJ mol™')
Associated with Replacement of One and All Molecules in the Unit Cell
structure " gy L) ™ ) "Spon "Sueon - e "DH
C Energy of Benperidol (k] mol™')
original +9.8 +83 +7.1 +1.6 +19 +1.6 +2.1
Energy Penalty for Repl: of Benperidol with Droperidol (k] mol™)
substituted -50 +42 +38 +7.1 +6.7 +6.8 +59
isostructural -04 +5.6 +54 +6.5 +6.1 +6.6 +08
structure 1 PSon (4) PSton ) Sweon () "Sweon (1) PSex ) Sacx ) "DH
Conformation Energy of Droperidol (kJ mol™")
original +23 +03 +03 +0.6 +0.6 +0.2 +0.2 +1.0
Energy Penalty for Repl of Droperidol with Benperidol (kJ mol™)
substituted +9.6 +9.7 +9.8 +9.6 +89 +10.0 +99 +8.7
isostructural +24 +89 +89 +9.0 +89 +9.0 +8.6 +1.7

different (see Table 2). A comparison of droperidol and
benperidol conformation showed that the conformation in
nonsolvates is notably different (with benperidol ®IT having the
most distinct conformation), whereas the conformation in the
studied solvates is similar. Even though this analysis shows that
the replacement of molecules in nonsolvates would require
notable adaptation of conformation, the resulting conforma-
tion snll would correspond to the low-energy region of the
PES.’

As the overall shape of the molecule is affected not only by
the torsion angles 7, and 7, characterizing the arrangement of
benzimidazol-2-one ring and 4-fluorophenyl-4-oxobutyl chain
with respect to the central piperidine/1,2,3,6-tetrahydropyr-
idine ring but also by the different geometry of the central ring
and differences in other torsion angles, whole molecules were
overlaid (see Table S12) and the RMSD of non-hydrogen
atoms was calculated (see Table 2). Although this comparison
confirmed the nonsolvate pair "II-"II to be the most different,
the solvate pairs were also notably different, with dihydrates
being the most similar pair.

To obtain more quantitative information on the energy
penalty associated with the adaption of the conformation by
the replaced molecule, conformation energy with respect to the

130
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global energy minimum was calculated using Gaussian 09 for
molecules in the original structures, for the replaced molecule
in the substituted structures, and for the molecule in the
isostructural structures (see Figure 2). These calculations
showed that in all of the original structures except for the "II,
the conformation energy is close to that of the global energy
minimum (see Table 3). In contrast, in most cases,
replacement of one or all of the molecules resulted in the
adoption of energetically inefficient conformation by the
replaced molecule, as could be predicted by the large RMSD
values between molecules in all of the structure pairs. The
smallest energy penalty was observed for replacement of
benperidol with droperidol in "II because the original structure
already has high conformation energy, and replacement of one
of the molecules was even associated with energy lowering.
Overall, the energy penalty for replacement of droperidol with
benperidol is close to 10 k] mol™ in all of the structures,
whereas replacement of benperidol with droperidol in general
is associated with a lower energy increase. We also observed
that in some of the structures (*°DH, "DH, and "I1), there is a
notable energy penalty for replacement of 1 of the 4 molecules
in the unit cell, whereas a structure where all of the molecules

https://doi.org/10.1021/acs.cd 2c01269
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are replaced could adopt and only a minor increase in the
conformation energy is present (Table 3).

3.2.2. Comparison of Intermolecular Interaction Energy.
We also evaluated the changes in the intermolecular
interaction energy introduced by the replacement of the
molecules. Intermolecular interaction energy for all three sets
of structures was calculated using Quantum ESPRESSO. The

b d data are pr d in Table 4. Overall, replacement of

Table 4. Intermolecular Interaction Energy in Original
Benperidol and Droperidol Crystal Structures (in kJ mol™
of Benperidol or Droperidol) and Energy Change When
One or All Molecules in the Unit Cell Are Replaced”

structure "It "Suon  "Sweon  "Sacy "DH
E, e of Benperidol Structures (k] mol™')
original —=244.7 -331.6 -318.2 -288.4 -404.7
Change in E,,, by Insertion of Droperidol (k] mol™")
substituted +29 +3.6 +3.0 +5.2 +7.8
isostructural -0.7 -5.4 -1.8 =36 +5.4
structure i PSpon DS ot PSrcn "DH
E,er of Droperidol Structures (k] mol ')
original -2373 ~284.4 -281.0 -275.3 -403.5
Change in E,,, by Insertion of Benperidol (k] mol™)
substituted +5.4 +5.5 +6.3 +4.4 +42
isostructural +53 +7.4 +8.0 +7.6 +9.6

“For structures with Z’ > 1, the change in E,, in substituted
structures is the average value from structures where molecules of
different symmetry were replaced.

one of the molecules is always associated with energy increase,
which is the smallest for "I1, ®Sy;.op, and ®Sg,on. However, full
replacement of all of the benperidol molecules with droperidol
results in more efficient interactions in most of the structures,
with the highest decrease of interaction energy calculated for
"Sgion- In contrast, replacement of droperidol molecules with
benperidol always results in less-efficient interactions. These
results confirm that the interaction energy is an important
factor in determining the molecule replacement capability in
different structures. The obtained results allowed to predict the
formation of solid solution in the "Sg,oy structure. However,
the facile formation of "I and the relatively narrow
concentration range for "S,cy could not predicted by these
results.

To identify the cause of the observed change in
intermolecular interaction energy by molecule replacement,
we also calculated pairwise intermolecular interaction energies
for the closest molecules for all three sets of structures in
CrystalExplorer. First, we evaluated the effect of molecule
replacement on the hydrogen bond interaction strength (see
Table $23). Overall, we see that the hydrogen bond
interactions do not restrict the formation of solid solutions,
as for the nonsolvate and solvate structures with R (8) dimers,
mostly no noticeable changes are introduced by the molecule
replacement The largest changes for dimers (+2 to +3 kJ
mol ') were introduced by inserting the benperidol molecule

P11, which nevertheless agrees with solid solution never
observed in this structure. Generally, larger changes were
introduced for hydrogen bonds formed with solvent molecules,
with changes up to +3 to +5 kJ mol™" for ®Sy,op, "Syeon and
"DH and up to +2 to +3 kJ mol™" for benperidol solvates. In
benperidol solvates, however, no correlation with the ability of
the structure to form solid solution was observed.

Second, we evaluated the effect of molecule replacement on
the interaction energy for molecule pairs forming the strongest
dispersion interactions (for molecule pairs with Ey, < =45 k]
mol ™!, corresponding to 3—6 interactions for each benpendol/
droperidol molecule depending on the structure) (see Tables 5

Table 5. Relative A Inter Interaction
Energy (in kJ mol™") with Respect to That in the Original
Structures for Molecule Pairs Forming the Strongest
Dispersion Interactions

structure " Seoti  Suecont SN "DH
substituted +0.6 =07 +0.6 +0.4 +2.1
isostructural =02 -1.0 =0.1 -0.6 +3.6
structure i S0t  “Smon  Sacn "DH
substituted +1.5 +0.5 +0.8 +0.4 =0.1
isostructural +2.6 +19 +1.8 +2.0 0.0

and $24). Although overall no critical differences in such
interactions were introduced by molecule replacement, the
average interaction energy for such pairs became less efficient
by ~2 kJ mol™ for droperidol solvates "Sg.on "Syeon and
S, cn and by 3—4 k] mol™" for PII and "DH. In contrast, the
average mteracnon  energy for such pairs almost did not change
for "DH, "11, and "Sy;.o and became more efficient by ~1 kJ
mol™" for benperidol solvates "Sg,y and "S,cy. We note that
for more than half of the analyzed structures, the energy
change app g in the sub d structure was magnified in
the isostructural structure. In contrast, the total intermolecular
interaction energy values (Table 4) in the substituted
structures were always calculated to be less efficient than
that in the original structures.

We see that overall there is a correlation between the ability
of a structure to form a solid solution and the total interaction
energy of the structure as well as the interaction energy for
molecule pairs forming the strongest dispersion interactions. In
contrast, analysis of just hydrogen bond interactions does not
provide information on the ability of structures to form solid
solutions. The interaction energy analysis, however, does not
explain the rather poor solid solution formation in "S,cy
structures, the average solid solution formation in l’DH
structures, and the very good solid solution formation of PIL.

Third, we present a more comprehensive view on the energy
differences by analyzing the interaction energy for all molecule
pairs formed by molecules for which atoms within 3.80 A
radius from the central molecule are present (Tables S13—
§22). Using these values, we calculated cumulative interaction
energy from the molecule pairs with increasing distance
between molecular centroids and plotted the difference
between this energy in substituted and isostructural structures
and that in the original structure. Selected plots are given in
Figure 7, and the remaining plots in Figure S23.

From these plots, it can clearly be seen that the only
structure with more efficient cumulative interaction energy
from all such molecule pairs in both substituted and
isostructural structures is "Sy,qy, easily forming solid solution.
Although the cumulative energy for isostructural structures was
also favorable for "Sy.on and "S,cx, the limited solid solution
formation by these structures could be explained by the
inefficient energy for substituted structures. Likewise, similar
trends for the cumulative energy were also present for II,
confirming that the overall formation of solid solutions in this
structure is highly likely. Generally, molecule replacement

https://dol.org/10.1021/acs.cgd.2c01269
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Figure 7. Difference in the cumulative interaction energy from the molecule pairs with increasing distance between molecular centroids between
substituted and isostructural structures and that of the original structure plotted by increasing distance (N = molecule number).

h

reduced the efficiency of interactions in droperidol
PSeons "Smeons and PSycy, whereas no significant effect on
PDH was introduced. Clearly, in PII, the interactions
experience the most notable efficiency loss, which is consistent
with this structure never being experimentally observed.
Molecule replacement also significantly reduced the efficiency
of interactions in *DH, with notable energy loss observed for
two identical molecule pairs, where oppositely oriented
piperidin-dihydrobenzimidazolone rings interacted (also
being the main contribution in increasing the average
interaction energy for molecule pairs forming the strongest
dispersion interactions, Table 5). Nevertheless, we believe that
this could as well be caused by some problems in modelling
structures of "DH, as solid solution in this structure formed as
good as in PS¢y and better than in DH.

This analysis also clearly shows that interactions with the
closest molecules are not the ones determining the molecule
replacement ability. For example, contrary to the observed
formation of solid solutions, considering only the closest four
molecules, the replacement is inefficient in ®Sg,oy but efficient
for the isostructural structure of "Sg,on. Note, however, that
the closest molecules do not necessarily correspond to efficient
intermolecular interactions, and the hydrogen-bonded mole-
cules for hydrogen-bonded dimers are among the most distant
molecules considered in this analysis.

Taking into account the differences in phase composition
between the considered structures, the analysis of the
intermolecular interaction energies suggests that in this system
solid solutions are more easily formed in single-component
phases, as solid solutions over a wide composition range can
lly be obtained if the molecule replacement
maintains the same interaction efficiency as in the original
structure, whereas for solvated phases, the formation of solid
solution over a wide composition range requires notably
favorable interactions if compared to the original structure.
Although this is contrary to the observation that a third
component can allow the miscibility of two immiscible
components in the solid state,” in the case of solvates the
solvent could complicate the miscibility in the structure if it
increases the number or importance of spatially oriented
interactions. Another explanation for the observed different

experi
=
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solid sol formation b of the structures having a
similar low change in the intermolecular interaction energy by
molecule replacement, however, could be the different penalty
associated with the adaption of the conformation, which was
lower for the PII structure (only +1 k] mol™ for substituted
and +3.5 kJ mol™" for isostructural) if compared to that for
BSytcon and ®S ey (+7 kJ mol™ for substituted and +6.5 kJ
mol ™" for isostructural).

4. CONCLUSIONS

We show that in the benperidol—droperidol system, solid
solutions in different crystal structures form notably differently,
and the extent up to which a structure can accommodate the
other molecule strongly depends on the crystal structure.
There are structure pairs in which droperidol can dissolve in a
benperidol crystal structure almost up to complete replace-
ment (90% replacement was reached for ®Sgoy and ®II
structures) of benperidol molecules with droperidol molecules,
whereas replacement of droperidol with benperidol in the
corresponding droperidol phases was not observed. In contrast,
in the other studied structure pairs (dihydrates and methanol
and acetonitrile solvates), we observe a notably lower ability of
droperidol to replace benperidol in benperidol structures, but
in these pairs benperidol can replace droperidol in droperidol
structures. Nevertheless, benperidol still cannot replace
droperidol in droperidol structures up to such an extent as
observed for the reverse replacement direction.

We also show that desolvation of all of the solvated
crystallization products obtained by crystallizing benperidol
and droperidol in any ratio results in the formation of pure
solid solution in the "II structure regardless of the initial
solvated phase composition of the sample. This means that the
solid solution in this structure has superior stability over other
potential nonsolvated phases and the desolvation of all solvates
occurs via recrystallization of the sample and is not a simple
structure rearrangement after the solvent loss.

We demonstrate that the considered analysis of the
interaction energy changes introduced by the replacement of
molecules in each crystal structure in general allows ration-
alization of the solid solution formation ability by each
structure. This analysis demonstrates that there is no one

https//dol.org/10.1021/acs.cgd.2c01269
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particular interaction defining whether the molecule replace-
ment in the structure will be possible, but consideration of all
of the interaction energies of nearby molecules, particularly the
dispersion-type interactions, allows prediction of the solid
solution formation likelihood. This clearly allowed identifica-
tion of "Sg,oy as a structure in which molecule replacement is
the most energetically favored. Additionally, the results suggest
that the formation of solid solutions in a wide concentration
range in nonsolvated structures requires maintaining the
interaction efficiency, whereas the formation of solid solutions
in a wide concentration range in the studied solvates is more
difficult and requires increased interaction efficiency.
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ABSTRACT: We present an experimental and computational
study of the formation of solid solutions in binary systems of
substituted nitrobenzoic acids. Different isomers with a methyl
group, hydroxyl group, and chlorine substituents are studied. We
show that the solid solution formation likelihood evaluated based
on the observed solubility limit is notably affected by both the
exchanged functional groups and the location of the substituents in
the molecular structure. This demonstrates that the component
solubility limit strongly depends on the intermolecular interactions
present in the crystal structure and is altered by the molecule

replacement. Solid solutions form in all of the studied crystalline @
phases. Component solubility limits from ~5% up to 50% were

observed. The obtained results indicated that the calculated intermolecular interaction energy change by the functional group
replacement does not allow rationalization of the experimentally observed solubilities, considering neither the molecules adjacent to
the replace group nor all the molecules within a 15 A radius. The relative energy of the experimental structures and isostructural
phases obtained from the computationally generated structure landscapes calculated at the level providing accurate energy ranking

[l Metrics & More | @ Supporting Information

was found to be mostly consistent with the experimentally observed component solubilities.

1. INTRODUCTION

Solid solutions (or mixed crystals) are phases consisting of at
least two components arbitrarily located at equivalent sites in
the crystal structure. The composition of such phases can be
varied continuously over a certain range.' Solid solutions of
inorganic compounds are long known as metal alloys, and
many of the minerals are solid solutions. Furthermore, it has
been demonstrated that such phases enable fine-tuning of
material structure and properties.””’ Properties and rules of the
formation of solid solutions in Drganic compound systems,
however, are notably less explored.” Nevertheless, in the past
decades, the number of publications on molecular solid
solutions has increased significantly. For example, such systems
have gained increased attention as a promising tool to develop
or test the rules of crystal engineering,” Solid solutions also
offer a promising approach for tuning properties of materials,
such as optical and mechanical properties, in a continuous and
smooth fashion by varying the component ratio.” However,
solid solutions are useful and effective only if the response of
the desired property to varying component ratio is sensitive
enough.3

It has long been demonstrated that similarities of molecule
size and shape plays a significant role in determining the
likelihood of solid solution formation between particular
cnmpnnents.q It has been shown that this depends on two
related concepts—structural mimicry'”'" and crystal iso-
morphism.'” However, in multiple cases, the weak intermo-

© 2023 American Chemical Society
6609
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lecular forces represent a very important factor controlling the
crystal structure stability and therefore the formation of
molecular solid solutions.'”™"® For example, it has been
demonstrated that minor changes to the molecular structures
(e.g, halogen atom exchange) usually mgniﬁcantly and
unpredictably alter the crystal plcking,”" 7 while more
pronounced changes (e.g,, addition of groups with hydrogen
bond formation ability) usually affect the supramolecular solid-
state structures.'” However, according to Kitaigorodskii’s
principles of close packing, not always the change of hydrogen
bonding groups or halogen atom exchange leads to significant
structural changes.” Molecules with chlorine atoms and methyl
groups in equivalent sites are often interchangeable in the
crystal structures,'””" ie, the overall structure is not
significantly altered.”

Solid solutions have been discovered and their properties
and formation explored between structurally highly similar
compounds: molecules differing by halogen (and halogen/
methyl) substituents;” molecules differing by S/0

22,23

CRSTAL
CRIVTT
DESIGN

Received:  April 29, 2023
Revised:  July 17, 2023
Published: August 17, 2023

https://doi.org/10.1021/acs.cgd.3c00529
Cryst. Growth Des. 2023, 23, 66096622



Crystal Growth & Design

pubs.acs.org/crystal

| > SR
N’i“
(o]

]

R=Cl/Me/OH

d.4.nitroh

Figure 1. Molecular structures of (a) 2-sut

ic acids, (b) 2-sut

1. Cnttvaks d.2-nitroh

ic acids, (c) 4-sut

acids, and (d) S-substituted-2-nitrobenzoic acids, with the numbering of non-hydrogen atoms. Labels of carbon are given in black, oxygen in red,

nitrogen in blue.

atoms;”"** molecules differing by single/double bonds in the
carbon atom framework;**” and molecules differing by F/H
atoms.”™” However, it has been observed that, in some cases,
even very similar molecules are immiscible or on]y mix in
limited composition ranges in the solid state.’ Therefore,
individual case studies on the miscibility of similar organic
compounds in the solid state are necessary to uncover the
general aspects governing solid solution formation.

In this study, we explored the formation of solid solutions
between several substituted nitrobenzoic acids: 2-substituted-
4-nitrobenzoic acids 2CI4NBA, 2Me4NBA, and 20H4NBA
(Figure 1a), 2-substituted-S-nitrobenzoic acids 2CISNBA,
2MeSNBA, and 20HSNBA (Figure 1b), 4-substituted-3-
nitrobenzoic acids 4CI3NBA, 4Me3NBA, and 4OH3NBA
(Figure 1c), and S-substituted-2-nitrobenzoic acids SCI2NBA,
SMe2NBA, and SOH2NBA (Figure 1d). A methyl group
(Me), a hydroxyl group (OH), and a chlorine atom (Cl) were
chosen as substituents (R). The scaffolds of the nitrobenzoic
acids were chosen so that the dominant intermolecular
interactions, i.e., the hydrogen bonds formed by the carboxylic
group, as well as part of the weak intermolecular interactions
formed by the nitro group, would be maintained in the
potential solid-solution phases. In addition to solid-solution
screening, computational calculations were used to identify
possible factors that lead to different solubility limits observed
in different pairs of these chemically similar molecules.

The solid form landscapes for part of the studied
c ds have already been explored, I tal forms
obtained by crystalllzatmn of 2Me4NBA, 2CI4NBA,
20H4NBA, 2CISNBA, 4CI3NBA, and SCI2NBA from
common  organic solvents have been reported. M=% For
2MeSNBA,™" 20HSNBA,” and 4Me3NBA,™ only crystal
structures of nonsolvated phases have been reported. To the
best of our knowledge, there is no information on solid forms
or any crystal structures of 4OH3NBA, 5Me2NBA and
SOH2NBA. Therefore, as part of this study, limited solid
form screening was performed and crystal structures of the
discovered nonsolvated forms were determined and reported.

2. EXPERIMENTAL SECTION

2.1. Materials. 2Me4NBA (purity 97%), 2MeSNBA (95%),
4Me3NBA (95%), SMe2NBA (95%), 20HSNBA (97%),
4OH3NBA (95%), and SOH2NBA (97%) were obtained from
Fluorochem; 2CI4NBA (98%) was received from Alfa Aesar,
20H4NBA (97%) and 4CI3NBA (98%) were obtained from Acros
Organics, and 2CISNBA (97%) and SCI2NBA (99%) were received
from Sigma—Aldrich. Ethanol (96%) and acetonitrile (99.8%) were
obtained from commercial sources. All of the chemicals were used as
received without further punﬁcation

2.2. Solid-Solution Sc ing. Binary mi of ni
acid derivatives in selected molar ratios with a total mass of 0.100 g
were prepared by using an analytical balance. The mixtures were

1

6610

completely dissolved in ~0.5 mL of ethanol (for mixtures containing
SOH2NBA, acetonitrile was used) at 70 °C. The obtained clear
solutions were cooled, and the solvent was allowed to evaporate

pletely under i diti Pure ic acid
dcnvanves were also crystallized using an identical approach. The
obtained solid products were ground in a mortar to ensure complete
homogenization and characterized using PXRD and DSC. More
details of the crystallization experiments are given in Table S1 in the
Supporting Information.

2.3. Charac ion of the Obtained Crystallization
Products. Powder X-ray diffraction (PXRD) patterns of all of the
obtained crystallization products were recorded at ambient temper-
ature on a D8 Advance (Bruker) diffractometer using copper radiation
(Cu Ka) at a wavelength of 1.54180 A, equipped with a LynxEye
position-sensitive detector. The tube voltage and current were set to
40 kV and 40 mA. The divergence slit was set at 0.6 mm, and the
antiscattering slit was set at 8.0 mm. The diffraction patterns were
recorded using a 0.2 5/0.02° scanning speed from 3° to 35 on the 26
scale.

Differential scanning calorimetry (DSC) curves were recorded on a
DSC 25 (TA Instruments) calorimeter at the heating rate of 2 °C
min™' from 25 °C to 140/250 °C (depending to the melting

of pure ), and the ni flow rate was 50
+ 10 mL min~" . Approximately 1.2 mg of each sample was weighed in
a 70 pL aluminum crucible, and the crucible was crimped.

The recorded DSC curves were used for the construction of binary
melt phase diagrams. The solidus lines were constructed using the
onset temperature of the respective DSC peaks, and the liquidus lines
were constructed using the peak temperatures. More details on the
thermal analysis are given in Table S2 in the Supporting Information.

'H NMR spectra of most of the crystallization products and pure
nitrobenzoic acid derivatives were recorded in a dimethyl sulfoxide
(DMSO)-d, solution at a 1 of 300 K with a
Fourier 300 MHz (Bruker) spectrometer Chemical shifts (5) were
found in parts per million (ppm) using the residual solvent peak as an
internal reference. A characteristic peak was selected for each
compound (see the Supporting Information), and its area was used
for determination of the c d ratio in the obtained
crystallization products.

2.4. Crystal Structure Determination. Single crystals of
SOH2NBA polymorph II (CCDC Deposition No. 2257122) and
hydrate (2257119), and selected solid solutions (2257680—2257681,
2257683—2257686) were investigated on a XtaLAB Synergy-S
dualflex diffractometer (RIGAKU Oxford Diffraction) equipped
with a HyPix6000 detector and microfocus sealed X-ray tube with
Cu Ka radiation (4 = 1.54184 A). A single crystal with approximate
dimensions of 0.08 mm X 0.08 mm X 0.06 mm was fixed with oil in a
nylon loop of a magnetic CryoCap and set on a goniometer head. The
samples were cooled to 150 K in an open-flow nm'oqen cryostat. Data
were mtegnted using CrysAhsPro L17141.115a°" software, and

and were performed with the software
JANA2006.* All non-hydrogen atoms were refined anisotropically; H
atoms were added in calculated positions and refined riding on their
respective carbon or oxygen atoms.

Crystal structures of 4OH3NBA (2257118), SMe2NBA
(2257121), and SOH2NBA polymorph I (2257120) were determined

P

https//doi.org/10.1021/acs.cgd 300529
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Figure 2. Schematic representation of the construction of substituted and isostructural structures from the original structures used for the

calc d-3-nitrob

in the ple of 4-substi ic acids.

from PXRD data. For this, PXRD patterns were measured on a D8
Discover (Bruker) diffractometer using copper radiation (Cu Ka =
1.54180 A) in transmission mode and a LynxEye (1D) detector. The
tube was employed with voltage and current settings of 40 kV and 40
mA. The sample was loaded into borosilicate glass capillaries of 0.5
mm outer diameter (Hilgenberg glass No. 10). A capillary spinner (60
rpm) and upper and lower knife edges were used. The diffractometer
incident beam path was equipped with a Gobel Mirror, a Soller slit,
and a 0.6 mm divergence slit, while the diffracted beam path was
equipped only with a Soller slit. The diffraction patterns were
recorded on the 26 scale from 4° to 70 at a 0.01° step size using a
scan speed of 36 s per step. Identical procedure as in our previous
studies were used for the structure determination’”*’ (see the
Supporting Information).

2.5. Theoretical Calculati Th ical calculati were
performed for three general sets of crystal structures as in our previous
studies.””*" The first set (original) consisted of experimental crystal
structures of nitrobenzoic acid derivatives: 2CI4NBA (polymorph I,
CSD refcode VOLZEC''), 20H4NBA (polymorph 1, QUPSEC™),
2Me4NBA (polymorph I, QUPROI01*), 2CISNBA (polymorph L
CLNBZA01?), 20HSNBA (polymorph I, GUTNIS02%),
2MeSNBA (Polymorph 1, GOJROM02*), 4CI3NBA (polymorph I,
ZZZMVY01"), 4OH3NBA (polymorph I, 2257118), 4Me3NBA
(polymorph I, MATBIV01*°), SCI2NBA (polymorph I, QUPSUS™),
SOH2NBA (polymorph I, 2257120), and SMe2NBA (polymorph I,
2257121). The second set (isostructural) was structures in which the
functional group or the halogen atom of the original molecules was
fully replaced by one of the alternative studied functional groups or
the halogen atom (see Figure 2). The third set (substituted) consnstcd
of structures for which sy y was d, and the functi
group or the halogen atom was replaced for one of the four molecules
(out of 2 for 20HSNBA, and 8 for 4Me3NBA and SOH2NBA) in the
unit cell (see Figure 2).

All three sets of crystal structures were initially geometry optimized
in Quantum ESPRESSO"' by relaxing positions of all atoms and the
unit-cell parameters (vc-relax), with ultrasoft pscudopotennals * from
the original pseudopotential library and a 130 Ry ?la.ne wave cutoff
energy using the Perdew—Burke—Ermzerhof (PBE)™" functional with
van der Waals (vdW) interactions treated according to thc D3
method of Grimme."" The p of ¢ gence,
uals, and the k pomt gnd were used as snggestcd for structure

eutical molecules.” For the substituted
structures formed from Z' = 2 structures, both alternative structures
were considered, and the lowest energy structure was selected and
used for further calculations. Then pairwise intermolecular interaction
energy calculations for all of the structures were performed in

140

CrystalExplorer 21.5*" at the B3LYP/6-31G(d,p) level by calculating
the pairwise interaction energies for molecules for which atoms are
within a 15 A of the central molecule. For the substituted structures,
the interaction energies were calculated using the replaced molecule
as the central molecule.

2.6. Crystal Structure Comparison and Analysis. Mercury
2022.3.0 software'” was used for crystal structure visualization and
analysis, including analysis of the intermolecular interactions and
overlay of the experimental solid solution structures with the structure
of pure compounds.

2.7. Location of Crystal Structures in Computationally
Generated Structure Landscapes. A possibility to form
isostructural or highly similar crystal structures among the 2-
substituted-4-nitrobenzoic acids with replaced substituents was
evaluated by using crystal structure landscapes obtained in a crystal
structure prediction (CSP) study. Crystal structures generated usin,
CrystalPredictor 22" and optimized with CrystalOptimizer 247"
from an already published CSP study’ were used. The dataset
consisted of 642 2CI4NBA, 625 2Me4NBA, and 314 20H4NBA
lowest energy unique Z’ 1 structures. For identification of
lsostructural or hlgh]y similar crystal structures, initial structures
with were prepared from the exp
structures of 2CI4NBA, 2Me4NBA, and 20H4NBA (see construction
of isostructural structures in hz,uru 2). The obtained initial structures
were op d in CrystalC using an identical procedure as
used in the CSP study.”” The obtalned ophmlud structures were then

pared with the d structures by assessing
structural similarity in a cluster of molecules taken from each structure
using the COMPACK tool.’

The geometry optimization by relaxing lattice parameters and
atomic positions (with Tkatchenko-Scheffler (TS)*' dispersion
correction scheme and plane-wave cutoff energy of 570 eV) and
single-point energy calculation (with many-body dispersion
(MBD*)** correction scheme and plane-wave cutoff energy of 1000
eV) of the experimental structures and isostructural structures was
performed in the CASTEP®’ plane-wave code using the PBE
exchange-correlation density functional and on-the-fly generated
ultrasoft pseudopotentials. This was used to improve the energy
rankings of these structures.

3. RESULTS AND DISCUSSION

In this study, we explored the formation of solid solutions in
binary systems formed by two nitrobenzoic acid derivatives of
identical scaffold differing only by the substituent (methyl
group, hydroxyl group, or chlorine atom (Figure 1)). The

https://dol.org/10.1021/acs.cqd.3c00529
Cryst. Growth Des. 2023, 23, 66096622
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g single- phases

are in identical shades of blue, phase mixtures are in orange, and patterns simulated from crystal structures of pure components are in magenta.

Respective polymorphs are indicated by Roman numerals.

formation of solid solutions, i.e., the ability of compounds to
replace each other in their pure-state crystal structures, was
explored in all of the possible 12 binary systems (three for each
nitrobenzoic acid isomer). Binary mixtures containing different
amounts of the selected compounds were crystallized, and the
solid solution formation was assessed by measuring the phase
composition of the crystallization products using PXRD and
constructing the two component phase diagrams based on
DSC measurements. If available, crystallization conditions were
chosen based on the published information for obtaining a
single-component phases of the respective compounds. The
phases present in the samples were identified based on the
agreement with the PXRD patterns of the studied substituted
nitrobenzoic acids reported previously’' ~** or for 4§OH3NBA,
SMe2NBA, and SOH2NBA recorded in a limited solid form

6612

screening performed as a part of this study. For selected
systems, the formation of solid solutions was additionally
confirmed by crystal structure analysis. Besides this, we also
investigated the capability of computational calculations and
crystal structure analysis to rationalize and predict the solid-
solution formation in the respective systems.

3.1. Experimental Characterization of Solid-Solution
Formation. 3.1.1. Solid Solutions Formed between Meth-
ylnitrobenzoic Acids and Chloronitrobenzoic Acids. The
molecular structure differences introduced by replacing the
methyl group with chlorine atom in all of the considered
nitrobenzoic acid isomers lead to formation of different crystal
structures; i.e., no isostructurality is observed. To evaluate the
formation of partial solid solution between methylnitrobenzoic
acids and chloronitrobenzoic acids, binary mixtures of these

https://doi.org/10.1021/acs.cgd.3¢00529
Cryst. 2023, 23, 6609-6622
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Figure 4. DSC curves of the crystallization p of the binary sy (a) 2Me4NBA—-2CI4NBA, (b) 2MeSNBA-2CISNBA, (c) 4Me3NBA—

4CI3NBA, and (d) SMe2NBA—SCI2NBA. Labels represent the molar

fraction of methylnitrobenzoic acid used in the crystallization. Differential

1

scanning calorimetry (DSC) curves of the solid solutions and the
and phase mixtures are shown in orange.

g single-comp

compounds (2Me4NBA—2CI4NBA, 2MeSNBA—-2CISNBA,
4Me3NBA—4CI3NBA, and SMe2NBA—SCI2NBA) with dif-
ferent compositions were crystallized from ethanol.

The PXRD patterns in Figure 3 show that only the

show that partial solid solutions form in all four binary systems.
The formation of solid solutions was further corroborated by
studying the lattice parameters of the single-phase binary
mlxtures The parameters are linearly dependent on the

characteristic peaks of the pure component phases are p
in the crystallized No formation of stoichi

binary phases (cocrystals) were observed. For many binary
compositions, only peaks corresponding to the respective
major phase are p The p e of both
compounds in these crystalliuﬁon products was confirmed by
recording 'H NMR spectra. The determined compound ratio
in all cases was close to the ratio used in the crystallization (see
the Supporting Information). The obtained results clearly

ic
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54 SS

(see thure $50 in the Supporting Information).

cu lution ¢

;

chl 1
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phases are shown in an identical shade of blue,

which is in agreement with Vegard's

ranges in each system are
different. In the 2Me4NBA-2CI4NBA system, up to ~§
mol % of lhe methylated derivative can be hosted in the
i ic acid, while up to ~40 mol %
of 2CI4NBA can be incorporated in the structure of
2Me4NBA. For 2MeSNBA—2CISNBA, up to ~20 mol % of
the opposite component can be hosted in either of the pure

https://doiorg/10.1021/acs.cgd.3¢00529
Cryst. Des. 2023, 23, 6609-6622
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component structures. For 4Me3NBA—4CI3NBA, up to ~30
mol % of 4Me3NBA can be incorporated in the structure of
4CI3NBA and up to around 50 mol % of 4CI3NBA can be
incorporated in the structure of 4Me3NBA. Finally, in the
SMe2NBA—-SCI2NBA system, up to ~30 mol % of each
opposite component can be incorporated in either of the pure
component structures.

The DSC curves recorded for the crystallization products in
which only a single phase was detected and thus identified as a
solid solution are consistent with an essentially monophasic
sample (see Figure 4). In these DSC curves, only a single
melting endotherm was detected, with the melting point
slightly lower than that of the respective single-component
phase. In the DSC curves of the crystallization products
g a phase , an endothermic signal corr
ing to the eutectic melting was p followed by

13
+h,

dissolved methylnitrobenzoic acids), with indices in super-
scripts indicating the position of the methyl/chloro and nitro
group. In all of the phase d there is a biphasic region
where physical mixtures of both solid solutions with limiting
compositions are present.

As already ioned, the comp ranges in which the
solid solutions form are different in each pair of nitrobenzoic
acid isomers. The highest solubility of up to ~50 mol % is
observed for 4CI3NBA in 4Me3NBA, whereas the lowest
solubility (<10 mol %) is observed for 2Me4NBA in 2CI4NBA.
The most likely cause for the different solubilities is a notable
influence of the guest molecule on the host structure stability.
The exchanged functional groups form different intermolecular
interactions in each single-component structure. The molecule
replacement by the opposite component has significant

endotherm. The second endotherm corresponds to the
dissolution of the g phase in the eutectic melt. This
is consistent with the most simple eutectic binary sy The

on the intermolecular interaction energy, as will be
demonstrated further. In two of the systems (2Me4NBA—
2Cl4NBA and 4Me3NBA—-4CI3NBA), the solubility of the Cl-

eutectic melting signal was observed as a separate peak or a
small but pronounced shoulder with a constant onset
temperature of ~126 °C for 2Me4NBA—2CI4NBA (Figure
4a), 158 °C for 2MeSNBA—2CISNBA (Figure 4b), 175 °C for
4Me3NBA—4CI3NBA (Figure 4¢; to clearly see the eutectic
melting formation, see Figure S21 in the Supporting
Information), and 122 °C for SMe2NBA—SCI2NBA (Figure
4d).

The recorded DSC curves were used to construct the binary
melt phase diagrams. As concluded from the PXRD and DSC
analysis, partial solid solutions based on each component form
in all four binary sys(ems (Figure S). Therefore, to some
extent, all the methylni ic acids dissolve in ch
trobenzolc acids and vice versa. These solid solutions are
d d as a (methylnitrob acids with dissolved
chloromtrobenzou: aﬂd.s) and f (chloronitrobenzoic acids with

6614

c pound in the methyl group-containing
compound is noubly better.

3.1.2. Summary of Solid Solutions Formed between the
Studied Substituted Nitrobenzoic Acids. 1dentically, we also
determined the solid-solution formation capability between
hydroxynitrobenzoic acids and methylnitrobenzoic acids in
pairs 20H4NBA—-2Me4NBA, 20HSNBA-2MeSNBA,
40H3NBA—4M¢3NBA, and SOHZNBA—SMeZNBA, as well
as between hydroxy ic acids and ch i
acids in pairs 20H4NBA—-2CI4NBA, 20HSNBA-2CISNBA,
40H3NBA—4CI3NBA, and SOH2NBA—-SCI2NBA. The solid

for was evaluated based on the PXRD and
DSC results. Melt phase diagrams were constructed (see
Supporting Information for the PXRD patterns, DSC curves,
and melt phase diagrams for these two-component systems).
'"H NMR spectra were recorded to confirm the compound
ratio in the crystallization products. Slow evaporation of

hitps//dolorg/10.1021 /acs.cgd.3c00529
Cryst. Growth Des. 2023, 23, 6609-6622
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ethanol solutions resulted in a phase or phases with PXRD
patterns corresponding to that or those of pure nonsolvated
phases. For 2Me4NBA, this was polymorph I; for 2CI4NBA,
this was polymorph I; and for SOH2NBA, this was polymorph
1. Systems containing SOH2NBA, however, were crystallized
from acetonitrile to avoid the formation of a SOH2NBA
hydrate.

A summary of the solid solution composition limits for all 12
binary systems is given in Figure 6. Solid solutions were

obtained in all of the explored binary sy The obtained
solid solutions are designated as 7 (hydroxynitrobenzoic acids
with dissolved chl itrob acids), & (chloronitroben-

zoic acids with dissolved hydroxynitrobenzoic acids), €
(hydroxynitrobenzoic acids with dissolved methylnitrob
acids), and ¢ (methylnitrobenzoic acids with dissolved
hydroxynitrobenzoic acids), with indices in superscript
indicating position of methyl/chloro/hydroxyl and nitro
group. Also, in these binary systems, no formation of
stoichiometric phases (cocrystals) were observed.

The results show that the solid solution composition limits
are rather different in each system. It demonstrates that not all
of the functional groups can be equally easily replaced in the
solid state. From Figure 6, it can be concluded that replacing
methyl group-containing molecules by Cl-containing mole-
cules (and vice versa) can be done to approximately the same
extent as replacing hydroxyl group-containing molecules by the
methyl group-containing molecules (from ~10 mol % to 40
mol %). Replacing hydroxyl group-containing molecules by the
respective methyl group-containing molecules is only achiev-

be incorporated in any of the eight partial solid solutions. The
comparison of the functional groups and their properties shows
that this is not surprising, as the replacement of hydroxyl/
methyl groups and Cl/hydroxyl group are associated with a
larger change in the molecule size, as well as larger differences
in the intermolecular interactions possibly formed by the
molecules, if compared to changes introduced by he
replacement of methyl group and CL It is somewhat not
obvious that the solubility of methyl group-containing
molecules in hydroxyl group-containing molecules would be
high in all of the systems. However, this could be because the
methyl group can act as a donor of weak hydrogen bonds, and
this could allow one to avoid a steep energy increase of the
crystal structure by replacing these functional groups.

3.2. Identification of the Link between Crystal
Structures and Solid-Solution Formation. As demon-
strated above, the capability of the studied molecules to form
binary solid sol is partly dependent on the functional
groups being exchanged, as molecules with exchanged Cl and
methyl group showed the highest relative solubility (in most of
the cases, up to 20—40 mol %), whereas molecules with
exchanged Cl and hydroxyl group the lowest (not exceeding
5—=10 mol %). The solubility in each pair of molecules,
however, still could be notably different, which is expected to
be associated with the respective crystal structures. Therefore,
we investigated the crystal structures and tried to find whether
crystallographic analysis and computational analysis of the
energy associated with the molecule replacement could provide

rationalization of the solid solution formation and could be

able up to ~10 mol %. The same holds for the binary sy
with Cl-containing and hydroxyl group- ining molecules
where no more than 10 mol % of the opposite component can

144
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used to predict the solid solution formation capability in each
different case.

https://dol.org/10.1021/acs.cgd. 3c00529
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3.2.1. Comparison of Intermolecular Interactions and
Their Energy. Intermolecular interactions and their energy in
the experimental crystal structures and the structures modeling
solid solution (substituted) and fully isostructural phase with
complete molecule replacement (isostructural) were analyzed.
In crystal structures of all the used nitrobenzoic acids, the
carboxyl groups were hydrogen-bonded by forming R}(8)
homodimers and this interaction was not notably altered in any
of the modeled structures of solid solutions or isostructural
phases (see Tables S7—S18 in the Supporting Information). In
a few cases, the energy of this interaction was lowered by up to
5 kJ mol™', but among these, only in 2Me, ,OH4NBA (x is
the mole fraction from 0.0 to 1.0) the less-efficient energy in
the isostructural structure correlated with low solubility
observed in the experiments. Moreover, the experimental
crystal structures of solid solutions 20H,,Cl;5,SNBA,
4Mey20Closo3NBA, 4Meg,sClo,s3NBA, 4Meg3,Clo-03NBA,
4Me; oClyso3NBA and 40H;(sCly9s3NBA, also confirmed
that these interactions are not notably affected (as presented in
Table $39 in the Supporting Information).

Evaluation of the weak intermolecular interactions formed
by the group being replaced and the changes introduced by the
replacement in substituted and isostructural structures
(summarized in Tables $20—523 in the Supporting Informa-
tion) clearly demonstrated that, in each crystal structure, the
interactions formed and the changes occurring by the
functional group replacement are different. Overall, the
replacement of the functional group could alter the weak
interactions formed by the replaced functional group (for
example, Cl-“H-O2 in 2CI4NBA with C8-H:-02 in
2ClyMe 4NBA) or introduce major change to those
interactions (for example, C8—H--O1 and C8—H--O,N in
2MeSNBA with OS5---H-C2 and OS:--H-C4 in
2Me,OH,SNBA). In the case of such change, the interactions
can be of highly similar energy; for example, the interaction
energy between molecules linked by O5:--H-O2 in
20HSNBA is —13.1 kJ] mol™" and changing the linkage to
Cl--H—-02 in 20H,5:Cl, ,sSNBA and 20H,Cl,;SNBA changes
the energy to —14.0 kJ mol™" and —12.2 kJ mol™, respectively.
However, it can also either become notably less-efficient, for
example, the interaction energy between molecules linked by

Table 1. Change of the Sum of Pairwise Intermolecular
Interaction Energy Calculated in CrystalExplorer by the
Replacement of the Functional Group for the Closest
Molecules (3.80 A) to the Replaced Functional Group and
for the Molecule Pairs for Which There Are Atoms within a
15 A Radius from the Central Molecule

20H4NBA 2CI4NBA 2Me4NBA
structure —Cl _-CH, -OH -CH, -OH -c
Change of the sum of Ey,,, for the closest molecules (k] mol™')
substituted +314 +16.9 +6.2 +1.9 -2.7 -35
isostructural +18.3 +2.1 +72 +4.3 +12.9 +10.6

Change of the sum of E,, for the m(l)lecnlel within a 15 A radius (kJ
mol”

substituted +11.4 +2.9 +4.6 -5.0 +0.9 -09
isostructural +15.1 +0.9 +0.5 -7.6 -0.4 +0.6
20HSNBA 2CISNBA 2MeSNBA
structure =Cl -CHy; -OH -CH; -OH =Cl
Change of the sum of Ey,,, for the closest molecules (k] mol™")
substituted +9.4 +11.0 +8.5 +1.1 +15.4 +12.0
isostructural +54 +9.1 +11.3 +3.6 +14.4 +17.8

Change of the sum of E,, for the m?;eculel within a 15 A radius (kJ
mol”~

substituted +124 +114 +8.8 =21 +79 +7.6

isostructural +13.7 +10.9 +5.3 -22 +8.2 +13.0
40H3NBA 4CI3NBA 4Me3NBA

structure -Cl -CH; -OH -CH, -OH -Cl

Change of the sum of Ey,, for the closest molecules (kJ mol™')

substituted +14.8 +9.4 =100 -92 +6.4 +6.1
isostructural +18.6 +6.9 -12.8 -19.5 +6.6 +4.4
Change of the sum of Ey,,, for the lln?lcculcl within a 15 A radius (k]
mol
substituted +1.3 -11 -6.1 -44 -13 +34
isostructural +1.8 -0.7 -23.5 —-6.1 -118 +6.4
SOH2NBA SCI2NBA SMe2NBA
structure -Cl  -CH; -OH -CH, -OH ~Cl
Change of the sum of Ey,,, for the closest molecules (k] mol™")
substituted +2.6 +0.6 —6.1 —4.4 +6.0 +239
isostructural +0.5 +4.7 -25.6 —14.9 +3.2 +15.7

Chanq()e of the sum of E,,., for the molecules within a 15 A radius (kJ
mol”~

beti 1

05-+H~C3 in 20HSNBA is —14.1 k] mol™", and changing the
linkage to Cl---H—=C3 in 20H,;;Cly,sSNBA and
20H,CI,5NBA changes the energy to —7.4 kJ mol™" and
—6.2 kJ mol™, respectively, or notably more efficient, for
example, the interaction energy between molecules linked by
Cl-+H—C2 in 4CI3NBA is —3.9 k] mol™, and changing the
linkage to OS5--*H-C2 in 4Cl;;0H;,s3NBA and
4ClOH,3NBA change the energy to —10.8 k] mol™' and
—16.3 kJ mol ™', respectively. Moreover, the replacement could
also change the efficiency of the aromatic interactions between
the closest molecules (for example, the z-7 interaction
becomes notably more efficient in SCl;Me,2NBA and notably
less-efficient in 2Me,Cl,SNBA) and alter the energy between
molecules linked by other weak intermolecular interactions; for
example, the interaction energy between molecules linked by
NO,+C3—H in 2Me4NBA is —16.0 k] mol™, and changes to
—11.3 kJ mol™" and —5.2 k] mol™" in 2Me,,sOH,,;4NBA and
2Me,OH,4NBA, respectively.

Nevertheless, the change in the sum of the pairwise
interaction energy with molecules adjacent to the replaced
functional group given in Table | could not be directly linked
to the experimentally determined solubility limit in the
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+14.9
+20.2

+3.0
+19

=50
=211

-4.8
-7.6

+82
-6.7

+19.0

isostructural +34.4

respective molecule pair. There were cases where the energy
became more efficient, but the solid solution formed in a very
narrow concentration range as for 4Cl,_ OH 3NBA with an
energy change of —10.0 and —12.8 k] mol™" in substituted and
isostructural structures but determined solubility limit of only
S mol %, and cases where the energy change was notably
inefficient, but the solid solution formed in a wide
concentration range as for SMe, ,CI2NBA with energy
changes of +23.9 and +15.7 kJ] mol™' in substituted and
isostructural structures but determined solubility limit of up to
30 mol %.

Overall, a similar conclusion was also obtained from the
comparison of the sum of the pairwise intermolecular
interaction energies for the molecules within a 15 A radius
from the central molecule (for original and isostructural
structures being an approximation of lattice energy); see Table
1. For example, despite the solubility of chloro-containing
molecules in methyl-containing molecules overall being the

https://dol.org/10.1021/acs.cgd. 300529
Cryst. Growth Des. 2023, 23, 66096622
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Figure 7. Difference in the cumulative interaction energy from the molecule pairs with increasing di b the molecul id

between substituted and isostructural structures and that of the original structure plotted by increasing distance (N = molecule number).

highest, only in some cases the energy change was calculated to
be efficient. In contrast, despite the very low solubility of
hydroxyl containing molecules in chloro-containing molecules,
the energy change in most of the cases were calculated to be
notably efficient or only slightly inefficient.

A potential explanation for the lack of correlation between
the energy change and solid-solution formation is that the
difference of interaction energy for the structure with replaced
functional group and the structure with original functional
group is not a correct criterion for comparison of structures
with the introduced notable structure differences. Instead, to
obtain reliable conclusions, the energy should be compared to
the alternative states available to the system of the given
composition and could also require evaluation of the thermal
and entropy effects. In g I, this is well-d d by
comparing the energy change associated with the replacement
of selected functional groups in all of the isomers, as the
replacement of methyl group with Cl, which, in the
crystallization experiments, allowed to obtain solid solutions
with the highest achieved dissolution, in almost all the cases is
calculated to be associated with an energy increase, although
no one particular cause for this increase could be identified in
the analyses of the intermolecular interactions of these
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structures. Likewise, the replacement of the methyl group
with Cl in all of the cases was calculated to be associated with
an increase of the total intermolecular interaction energy.
Although such a replacement was associated with rather good
solid solution formation, there is no strong correlation between
the solubility limit and energy change. Moreover, the
replacement of Cl with a hydroxyl group in 4CI3NBA and
SCI2NBA was calculated to be highly efficient, but
experimentally these were among systems with the lowest
determined dissolution limit.

In contrast, our previous studyz- shows that, in the case of
notably smaller change of the molecular structure, as
replacement of benperidol and droperidol molecules, the
energy change can be used as a criterion for the prediction of
solid solution formation.

Also, additional views on the energy differences were
obtained by analyzing the interaction energy for molecule
pairs for which there are atoms within a 3.80 A radius from the
central molecule given in Tables $7-S18 in the Supporting
Information. The plots of the difference of the cumulative
interaction energy from these molecule pairs with increasing
distance between the molecular centroids in substituted and

https://dol.org/10.1021/acs.<9d. 3c00529
Cryst. Growth Des. 2023, 23, 6609-6622
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generated structures are linked to the experimental structure by a larger ellipse, if not falling within the symbol. Labels of isostructural structures

contain a number corresponding to the energy ranking of the respective structure.

isostructural structures and that in the original structure are
given in Figure 7.

These plots demonstrate that, in some of the cases, the
analysis of only the closest molecule pairs can provide an
incorrect picture of the effect of the substitution, as, for
example, in the structure 2Me, OH_SNBA the closes
interactions are more efficient, whereas including molecule
pairs with larger distance, the energy becomes inefficient, or, in
contrast, in the structure 4Cl,_ OH_3NBA, the closest
interactions are less-efficient, whereas including molecule
pairs with larger distance, the energy becomes more efficient.
Overall, by increasing the number of molecule pairs
considered, the energy tends to converge to the result
representing the total energy of all molecule pairs for which
there are atoms within a 15 A radius from the central molecule,
as shown in Table 1, although for some of the structures a
larger number of molecules appeared to be necessary to be
included in the summation to approach this value.

3.2.2. Analysis of Computationally Generated Structure
Landscapes. As an alternative tool for explanation of the solid
solution formation likelihood, we considered the location of
isostructural or highly similar structures in computationally
generated structures obtained in CSP study, similarly as
demonstrated for other compounds.™ This tool was evaluated
for 2-substituted-4-nitrobenzoic acids by comparing the
computationally generated 2CI4NBA, 2Me4NBA, and
20H4NBA structures obtained in our prev:ous study”” and
isostructural structures ob d from the experi | non-
solvates of these compounds with replaced substituents after

the geometry optimization. This comparison in general showed
that among the predicted structures there are such isostructural
structures, and moreover, some of them are energetically
competitive with the experimental crystal structures of the
respective compound; see Figure 8 (and Table S24 in the
Supporting Information).

2CI4NBA and 2Me4NBA structures, which are isostructural
to the experimental structure of 20H4NBA, appear as
energetically very competitive in the landscapes of 2CI4NBA
and 2Me4NBA and are ranked as the third lowest energy
structure for 2CI4NBA and fourth lowest for 2Me4NBA.
Similarly, structures isostructural to 2Me4NBA polymorph I
appear in the landscapes of 2CI4NBA and 20H4NBA and are
ranked as the sixth lowest energy structure for 2CI4NBA and
19th lowest for 20H4NBA. Although structures isostructural
to 2Me4NBA, polymorph II can also be located in the
landscapes of 2CI4NBA and 20H4NBA, these are energeti-
cally notably less competitive.

Structures isostructural to 2CI4NBA polymorph I appear in
the landscape of 20H4NBA as the 68th lowest energy
structure (having 11 k] mol™ higher lattice energy), whereas
the Z' = 4 structure obtained from polymorph II is
energetically slightly less-efficient. Structure isostructural to
2CI4NBA 1 is not present in the landscape of 2Me4NBA, as
the lattice energy of such structure was calculated to be at least
12 kJ mol ™" above the lowest energy experimental polymorph.
In contrast, the structure isostructural to 2CI4NBA II was
calculated to be only 6 k] mol™" above the lowest energy

experimental polymorph.

6618 hittps://doi.org/10.1021/acs.cgd 3¢00529
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Table 2. Relative Energy of the Experimental and in the CSP Generated Isostructural Structures as Calculated in CASTEP
after Geometry Optimization Using TS Dispersion Correction and Single Point Energy Calculation Using the MBD*

Dispersion Correction Scheme

AE (k) mol™)
structure TS MBD* structure
2CI4NBA | 20 29 2Me4NBA |
2CI4NBA 11 03 0.1 2Me4NBA 11
2Me,Cl,4NBA 1 0.0 0.0 2C1,Me,4NBA |
2Me,C1,4NBA 11 14 27 2Cl,Me,4NBA 11
20H,CI 4NBA | 14 37 20HMe,4NBA |

AE (k] mol™) AE (kJ mol™)
TS MBD* structure TS MBD*
0.0 0.0 20H4NBA | 0.0 0.0
22 34 - -
6.7 53 2Me,OH 4NBA | 50 31
4.6 46 2Me,OH,4NBA 11 127 11.6
26 45 2C1,OH 4NBA | 7.0 7.0

In general, the existence of mutually isostructural low-energy
structures indicates that the formation of solid solutions is
possible, as the respective structure is efficient for both
compounds, and it has been demonstrated that this could even
indicate on the posslblhty to obtain isostructural single
component phases.””*" The conclusions obtained from the
structure landscape analysis, however, are only partly
consistent with the experimental observations. The best
solubility was observed for 2CI4NBA in 2Me4NBA polymorph
I which is consistent with the low energy of a 2CI4NBA
structure isostructural to 2Me4NBA L. In contrast, despite the
structure isostructural to 20H4NBA is among the lowest
energy structures of 2CI4NBA and 2Me4NBA, the solubility of
2Me4NBA in 20H4NBA is only ~20 mol % and that of
2CI4NBA only ~10 mol %. The low solubility of 20H4NBA in
2CI4NBA and in 2Me4NBA and low solubility of 2Me4NBA
in 2CI4NBA in general is consistent with the relatively high
(>S kJ mol™") energy for the respective isostructural phases.

Since the CrystalOptimizer only provides approximate
energy ranlung of the structures, we additionally performed

ry op ion of the experi | and in the CSP
genented isostructural structures in CASTEP using TS
dispersion correction and calculated their relative energy
using the MBD* dispersion correction scheme. The obtained
energy differences given in Table 2 show that the
CrystalOp energy ranking pr d in Figure 8 overall
provide a useful picture on the energy ranking of the
experimental and isostructural structures, with relative energy
usually altered by no more than ~3 kJ mol™" (see Table $24 in
the Supporting Information), although the energy of
2Me,Cl,4NBA polymorph II and 2Cl,Me 4NBA polymorph
1 was notably lowered with this energy calculation approach.
Nevertheless, the energy differences calculated by CASTEP

tably better agr with the experimentally

observed solublllty limits in the solid solutions, as lhe
2Me(Cl4NBA polymorph I was calculated as the most
efficient among the isostructural structures and the energy of
20H,Cl,4NBA and 20H Me 4NBA was increased if
compared to the relative energy provided by the CrystalOp-
timizer. H , full rationalization of the solid solution
formation likelihood still could not be achieved by this
approach, as better solubility of 20H4NBA in 2Me4NBA was
predicted by the obtained results.

4. CONCLUSIONS

This study of the solid-solution formation between different
substituted nitrobenzoic acids clearly demonstrates that solid
solutions in different crystal structures form notably differently,
and the extent up to which a structure can accommodate the
other molecule is strongly dependent on the intermolecular
interactions present in the crystal structure and altered by
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molecule replacement. There are structure pairs in which
replacement of up to 40 mol % can be reached, as observed for
chl b acid in b acid in pairs
2Me4NBA—-2CI4NBA and 4Me3NBA—4CI3NBA and meth-
ylnitrob ic acid in hyd ic acid in the pair
SOH2NBA-5Me2NBA. In contrast, in other studied structure
pairs (mostly between hydroxyl- chloro and hydroxyl-
methylnitrobenzoic acids), we observe notably lower solubility.
For example, only up to S mol % of hydroxymtrobenzmc acid
could be dissolved hl acid in pairs

in ¢ itr
20H4NBA-2CI4NBA, 4OH3NBA-4CI3NBA and
SOH2NBA-SCI2NBA, and in methylnitrobenzoic acid in
pairs 20H4NBA—-2Me4NBA, 20HSNBA—-2MeSNBA, and
SOH2NBA—-5Me2NBA.

In general, however, the solubility of the molecules, to some
extent, is determined by the properties and characteristics of
the functional groups being exchanged. Overall, the best
solubility therefore was observed for molecule pairs in which
Cl substituent and methyl group were exchanged, as these
groups are of similar size and properties, and has been shown
to be often exchangeable in the solid state.””” In contrast,
exchange of hydroxyl and methyl groups or Cl and hydroxyl
groups having more different size and intermolecular
interaction characteristics is disfavored and leads to a reduced
solid-state solubxl:ty The solublhty of methylnitrobenzoic
acids in hydroxynitrob ic acids, hi r, is rather high,
regardless of the substituent arrangement, possibly due to the
ability of the methyl group to act as a weak hydrogen bond
donor, which, to some extent, can replace the properties of a
hydroxyl group.

The effect of the functional group replacement on the
intermolecular interactions and their energy in all of the
considered crystal structures was also evaluated by searching
for a tool allowing prediction of the solid solution formation
likelihood. It was observed that in all of the structures the
functional group replacement was associated with a change of
the intermolecular interactions and to some extent also their
energies. However, the quantitative evaluation of the
intermolecular interaction energy change by the functional
group replacement for neither the molecules close to the
replace group nor the molecules w|thm a 15 A radius did not
allow lization of the experi lly observed solubilities
in each molecule pair. This suggests that the difference in
interaction energy between the structures with replaced and
original functional groups is not an adequate criterion for
comparing structures in which such significant differences are
introduced by molecule replacement. Instead, the energy
should be compared with other states available for the given
composition and may require an assessment of thermal and
entropy effects. A better tool for the rationalization of the
observed solid solution formation likelihood was the

https//dol.org/10.1021 /acs.cgd.3¢00529
Cryst. Growth Des. 2023, 23, 6609-6622
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identification of the low-energy isostructural phases in
computationally generated structure landscapes, which was
tested for 2-substituted-4-nitrobenzoic acids. In general, good
agreement with the experimentally observed solubility limits
was achieved by using energy ranking after structure
optimization and energy calculation in CASTEP, although
also this approach still did not allow rationalization of the
relative solubility observed in all of the structures.
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ABSTRACT: We present an experimental study of solid solution formation
between structurally highly similar model compounds thioxanthone
derivatives: 2-iodothioxanthone, 2-chlorothioxanthone, 2-
bromothioxanthone and 2-fluorothioxanthone. All of named components are
room-temperature luminophores. In some of binary system mixtures, almost
complete replacement of both compounds can be achieved, whereas in other
cases, the replacement is possible only up to a limited molar ratio. The
obtained crystalline phases were characterized using powder X-ray
diffraction (PXRD) and differential scanning calorimetry (DSC) methods in
order to construct respective binary phase diagrams. Furthermore,
photoluminescence spectra of all crystalline phases in powder form were
recorded to see how they change with respect to those of the pure substances
known from the literature. This study proves great potential to use solid
solution engineering in the organic solid state to tune material properties in a
continuum.

/ 1\

Solid solution formation

1. INTRODUCTION

The occurrence of photoluminescence in purely organic
crystals at room temperature is uncommon, but it has
become more extensively researched recently because of the
practical applications of these materials' .

By adjusting the temperature of a phosphorescent crystal,
its luminescence characteristics can be modified®.
Additionally, altering the excitation wavelength can result in
diverse emission spectra®. Despite this, these factors alone
may not be sufficient for creating a well-designed material.
Current approaches to optimizing luminescence properties
in organic crystals can be divided into two main categories:
the chemical approach and the crystal engineering approach.
The chemical approach involves modifying the molecular
structure of known solid state luminophores by altering
substituents, such as halogen atoms’, alkyl chain lengths™'"
or introd other chang to the molecule's
configuration'"'". The crystal engineering approach, on the
other hand, focuses on manipulating the crystal lattice to
influence the luminescence properties. Despite these
strategies, it is important to note that simply employing them
may not always result in a successful material design.

The concept of solid solutions has long been recognized
as an effective crystal engineering strategy for tuning the
properties of inorganic compounds'’,'". By altering the
composition of solid solutions, researchers have been able
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to modify a wide range of properties, including non-lincar
optical'?, solubility and melting point'®'”, and mechanical
properties'®. However, when it comes to purely organic
systems, the solid solution phenomenon is still relatively
unexplored.

One of the main reasons for this is that the formation of
molecular solid solutions is not as straightforward as
inorganic solid solutions. The design and synthesis of
organic solid solutions with desired properties is a
significant challenge in crystal engineering, requiring a deep
understanding of the molecular intermolecular interactions
and the resulting crystal structures'®. Instead, it is governed
by complex molecular recognition processes in the solid
state. Molecular recognition refers to the ability of
molecules to interact with each other in specific ways,
forming stable structures that are held together by
intermolecular forces™ . In the case of solid solutions, this
means that two or more molecular entities must be able to
interact in such a way that they can be incorporated into the
same crystal lattice. Despite these challenges, researchers
have found that by carefully selecting the molecular
components, it is possible to create solid solutions that
exhibit desirable properties™ .

However, the number of reported cases of molecular solid
solutions is still relatively small, and there are few clear
guidelines for predicting which binary systems will exhibit
component miscibility in the solid state”***. This makes the
exploration of organic solid solutions an exciting area of
rescarch with significant potential for discovery and
innovation. By expanding our understanding of molecular
recognition and crystal engineering, we may be able to
unlock new possibilities for designing materials with fine-
tuned properties.



In this study we explored the solid solution formation
between four organic luminophore molecules: 2-
iodothioxanthone, 2-iodo-9H-thioxanthen-9-one  (Figure
la), 2-chlorothioxanthone, 2-chloro-9H-thioxanthen-9-one
(Figure 1b), 2-bromothioxanthone, 2-bromo-9H-
thioxanthen-9-one (Figure 1¢) and 2-fluorothioxanthone, 2-
fluoro-9H-thioxanthen-9-one (Figure 1d). The compounds
have been selected based on reported room-temperature
solid-state luminescence phenomena®® and differ only by
halogen atoms (-1, -Cl, -Br and -F) - may not significantly
affect the dominant intermolecular interactions.

Only the crystal structure of I-TXANT, CI-TXANT and
Br-TXANT non-solvated phases have been reported®,
whereas to the best of our knowledge there is no information
on any crystal structures of F-TXANT, but during the
research work, solid form landscape were studied and

(@) (b)
o [¢]
1 Cl

crystal structures of discovered non-solvated forms were
determined.

In this study the formation of solid solutions between
binary systems of various thioxanthone derivatives has been
explored by comparing the formation of solid solutions in
non-solvated forms. Crystallization experiments were
performed to determine the information about formation of
solid solutions, also photoluminescence spectra of all
crystalline phases in powder form were recorded to see how
they change with respect to those of the pure substances
known from the literature®. as a result, this confirmed that
fine-tuning solid state luminescence properties of molecular
crystals can be modulated via solid solution formation.

(0 (d
aQ 0
Br F
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Figure 1: Molecular structures of 2-iodohioxanthone (a), 2-chlorothioxanthone (b), 2-bromothioxanthone (c) and 2-fluorothioxantone (d).

2. EXPERIMENTAL SECTION
2.1. Materials.

2-chlorothioxanthone (purity >98%), and acetonitrile
(99.8%) were obtained from commercial sources and used
without further purification. Thioxanthone derivatives (-1, -
Br and -F) were synthesized' by a cyclization reaction in
concentrated sulfuric acid media, all the reagents and
solvents used for the synthesis were purchased from
commercial sources and used without further purification.

2.2. Solid solution screening.

Binary mixtures of thioxanthone derivatives in selected
molar ratios with a mass of 0.1500 g were prepared using an
analytical balance (d = 0.1 mg). The mechanical mixtures of
the solids were then completely dissolved in 12 mL to 15
mL of acetonitrile at 70°C. The obtained clear solutions
were cooled, and the solvent was allowed to evaporate
completely in ambient conditions. The obtained solid
products were ground in a mortar to ensure complete
homogenization and characterized using PXRD and DSC.
More details of the crystallization experiments are given in
Table S1, Supporting Information.

2.3. Characterization of the obtained
crystallization products.

Powder X-ray diffraction (PXRD) patterns of all the
obtained crystallization products were recorded at ambient
temperature on a D8 Advance (Bruker) diffractometer using
copper radiation (Cu Ka) at a wavelength of 1.54180 A,
equipped with a LynxEye position-sensitive detector. The
tube voltage and current were set to 40 kV and 40 mA. The
divergence slit was set at 0.6 mm, and the antiscattering slit
was set at 8.0 mm. The diffraction patterns were recorded
using a 0.2 s/0.02° scanning speed from 3 to 35° on the 26
scale.

Differential scanning calorimetry (DSC) curves were
recorded on a DSC 25 (TA Instruments) calorimeter at the
heating rate of 2 °C min"' from 25 to 150 / 180 °C
(depending to the melting temperature of pure components)
and the nitrogen flow rate was 50 + 10 mL min™"
Approximately a 1.2 mg of each sample was weighed in a
70 pL aluminium crucible and the crucible was crimped.

The recorded DSC curves were used for construction of
binary melt phase diagrams. The solidus lines were
constructed using the onset temperatures of the respective
DSC peaks and the liquidus lines were constructed using the
peak temperatures of the melting peaks. More details on the
thermal analysis are given in Table S2, Supporting
Information.

Photoluminescence measurements were performed at
room temperature using an FS5 spectrometer (Edinburgh
Instruments) equipped with a 150 W CW xenon lamp and
single-photon counting detector.

IH NMR spectra of most of the crystallization products
and pure nitrobenzoic acid derivatives were recorded in
dimethyl sulfoxide (DMSO)-d6 solution at a nominal
temperature of 300 K with a Fourier 300 MHz (Bruker)
spectrometer. Chemical shifts (d) were found in parts per
million (ppm) using the residual solvent peak as an internal
reference. A characteristic peak was selected for each
compound (see Supporting Information) and its area was
used for determination of the compound ratio in the obtained
crystallization products.

2.4. Crystal structure determination.

Single crystals of 2-fluorothioxanthone polymorph I, I
and I1I and selected solid solutions were investigated on:

e XtalLAB Synergy-S dualflex  diffractometer
(Rigaku Oxford Diffraction) equipped with a
HyPix6000 detector and microfocus sealed X-ray
tube with CuKa radiation (4 = 1.54184 A) at
ambient temperature;
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e Huber 4 circle kappa diffractometer equipped
with a Dectris CdTe IM detector and an X-ra
tube with synchrotron radiation - A = 0.61992
(P24, PETRA III, Deutsches Elektronen-
Synchrotron DESY, Germany);

MD3 Microdiffractometer equipped with Eiger
16M Hybrid-pixel detector and an X-ray tube
with synchrotron radiation - A = 0.68879 A
(BioMax, MAX IV Synchrotron, Sweden).

Data were integrated using CrysAlisPro 1.171.41.115a"
software, structure solutions and refinements were
performed with the software JANA2006%. All non-hydrogen
atoms were refined anisotropically; H atoms were added in
calculated positions and refined riding on their respective
carbon or oxygen atoms.

Crystal structure of 2-chlorothioxanthone polymorph II
were determined from PXRD data. this, PXRD patterns
were measured on a D8 Discover (Bruker) diffractometer
using copper radiation (Cu Ka = 1.54180 A) in transmission
mode and a LynxEye (1D) detector. The tube was employed
with voltage and current settings of 40 kV and 40 mA. The
sample was loaded into a borosilicate glass capillaries of 0.5
mm outer diameter (Hilgenberg glass No. 10). A capillary
spinner (60 rpm) and upper and lower knife edges were used.
The diffractometer incident beam path was equipped with a
Gobel Mirror, Soller slit, and a 0.6 mm divergence slit, while
the diffracted beam path was equipped only with a Soller
slit. The diffraction patterns were recorded on the 24 scale
from 4 to 70° at a 0.01° step size using a scan speed of 36 s
per step. Identical procedure as in our previous studied were

F-TX + 0-50% CI-TX
crystallization
from ACN/anti H;O0

(&

a)

120°C
30 min

recrystallization
e -
e

ITX +25-50% FIX

Mixture

used for the structure determination®** (see the Supporting
Information).

2.5. Determination of lattice parameters of
solid solutions

The lattice parameters of pure thioxanthone derivatives
and the obtained solid solutions were determined using
Pawley refinement of the ambient temperature PXRD
patterns recorded for the crystallization products (see Table
S4 and S5). The Pawley refinement was performed in
TOPASS by relaxing the lattice parameters, crystallite size
parameter, peak shape, and background parameters. In case
the lattice parameters of pure single component phases were
not a suitable initial guess for the refinement, LP-Search
algorithm in TOPASS5 was used for finding a suitable values.

2.6. Solid form landscapes of F-TXANT and
CI-TXANT

Solid forms of F-TXANT and CI-TXANT were screened
using solvent evaporation, recrystallization from melt,
slurrying in ACN and antisolvent addition experiments
(Figure 2a). These experiments resulted in a total of 6 crystal
forms: 3 neat polymorphs (I-11I) for F-TXANT and 3 neat
polymorphs (I-11T) for CI-TXANT. All of the obtained
polymorphs were characterized by PXRD and DSC
methods. Figure 2b shows the PXRD patterns of the F-
TXANT and CI-TXANT polymorphs. All of the crystal
forms give characteristic PXRD patterns and therefore are
easily distinguishable. DSC investigations of F-TXANT and
CI-TXANT polymorphs shown in Figure 2c.

CI-TX +0-25% F-TX
slurrying
in ACN
( Fa)
recrystallization N
o ek CI-TX +0-10% F-TX

(o) == (0o

recrystallization
from melt

crystallizati . P e
el i CETX+0-10% F-TX  copstallization
Q| Fa B .
Eq
: \
3| Dg
z V
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[ 0
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Figure 2. (a) Preparation and transition pathways of the F-TXANT and CI-TXANT solid forms. (b) PXRD patterns of F-
TXANT and CI-TXANT neat crystalline forms. (¢) DSC curves of F-TXANT and CI-TXANT neat polymorphs.
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2.7. Theoretical Values (Schroder-Van Laar
equation).

The cutectic behavior determined by DSC was compared
with the predicted melting point (Tm) values calculated
from the simplified version of the Schroder-Van Laar
Equation (eq 1), which is based on the ideal mixing
theory'*,

AH rusion (1 1
Inge) = Zem(C - 21) m
where AHjusion represents the heat of fusion (J mol-1) and
T represents the melting point (in Kelvin) of one of the pure
drugs in the mixture. TM is the melting point of the binary
mixture at a specific mole fraction (x), and R is the universal
gas constant (8.31451 J K" mol™).

3. RESULTS AND DISCUSSION

As reported previously*', where solid solutions with fine-
tunable photoluminescence have been obtained in a 2-
iodothioxanthone-2-chlorothioxanthone system, we wanted
to prove that other thioxanthone derivatives, i.e., both named
compounds  with  2-bromothioxanthone and  2-
fluorothioxanthone, can also form solid solutions with fine-
tunable properties. In this study we explore the formation of
solid solution in six different binary systems and that fine-
tune photol ence can be reached between various
thioxanthone derivatives.

3.1 Experimental characterization of solid
solution formation.

Solid solutions obtained in crystallization

For evaluation of the formation of solid solution between
different thioxanthone derivatives in non-solvated phases by
thus checking how easily one compound can replace the
second one in its crystal structure, crystallization from
solution of a mixture of compounds was selected. The
preparation of the solid solutions of 2-iodothioxanthone, 2-
chlorothioxanthone,  2-bromothioxanthone  and  2-
fluorothioxanthone were based on slow evaporation
crystallization experiments.

The solid mixtures were characterized by DSC and X-ray
powder diffraction. The small differences of molecular
structure of experimentally used thioxanthone derivatives
altered the possibility of the crystal structure to form weak
intermolecular interaction which led to formation of
different crystal structures. Melting together two different
thioxanthone derivatives, in various stoichiometric ratios
yields solid solutions, as confirmed by PXRD and DSC. A
comparison of the experimental X-ray powder diffraction
patterns measured at room temperature on various solid
solutions is shown in Figure 3. The formation of solid
solutions was also confirmed by the lattice parameters of the
single phase containing crystallization products, which were
linearly dependent on the composition of the mixture used
in the crystallization in agreement with the Vegard's law*'-2,
see Figure S10, Supporting Information.

of the obtained solid soluti

All of the samples obtained in the crystallization were
additionally characterized by DSC analysis.

Characteri:

In all the DSC curves of non-solvated solid solutions
samples the melting endotherm is consistent with an
essentially monophasic sample (see Figure S1-S3 and Table
S2). There is a relatively narrow biphasic region in the phase
diagram where physical (different ratio) mixtures of both
limiting-composition solid solutions are present. This is
associated with an additional endothermic signal in the DSC
curves indicating for the eutectic melting. The eutectic
melting signal is observed as small but pronounced shoulder
with an onset temperature of around 132°C for I-TXANT-
CI-TXANT, around 144°C for I-TXANT-Br-TXANT,
around 131°C for F-TXANT-Br-TXANT and around 114°C
for I-TXANT-F-TXANT. Mixture of two phases can also be
noted in the PXRD patterns (see Figure 3).

Binary melt phase diagram was constructed to explore
how well highly similar molecules are discri d in the
solid state. As concluded from the PXRD analysis, the Br-
TXANT (I form) molecule is isostructural with CI-TXANT
(I form) and their crystals are isomorphous, a continuous
solid solution in all the composition range, form in between
those molecules, but in other cases two different solid
solutions close to the pure component region form instead
(see Figure 4). This is an indication that both highly similar
molecules pack differently in the solid state. These solid
solutions are designated as 2-fluorothixanthone I (P2//,) A¥,
Il (P2,2,2)) B¢ and I (P. or P2)/) Cy 2-
chlorothioxanthone 1 (P-1) Day, 11 (P2,2,2)) Ea and 111
(Pna2;) Fa, 2-bromothioxanthone I (P-/) Dgr and 2-
iodothioxanthone I (£2,2,2;) Ei. The narrow biphasic region
indicates that both molecules are discriminated in the solid
state rather poorly — figure 4a, in composition ranges >0-20
mol % and 50—<100 mol % (2-chlorothioxanthone), figure
4b, in composition ranges >0-50 mol % and 80-<100 mol
% (2-bromothioxanthone), figure 4¢, in composition ranges
>0-10 mol % and 90—<100 mol % (2-bromothioxanthone),
figure 4d, in composition ranges 0-5 mol % and 98-<100
mol % (2-fluorothioxanthone) and figure 4e, in whole
composition range (0—100 mol %). In all the phase diagrams
there is also a relatively narrow biphasic region where
physical mixtures of both solid solutions with limiting-
composition are present.

It can clearly be seen that the composition range in which
these solid solutions can be obtained are different in each
pair of thioxanthone derivatives. The highest solubility up to
more than 50 mol% was observed for CI-TXANT in I-
TXANT and I-TXANT in Br-TXANT, whereas the lowest
(less than 5 mol%) for F-TXANT in Br-TXANT.

157



(@

(b)

] Ry ¢ ] = —
J 10 mol% i %
A rA n AM A A N 20 mol%
] 30 mol% e 30 mol%
2z J 8 mol% 2z " L 7N A 40 mot%
3 i ) s 7 50 mol% E ] 1t A 50 mol%
& 60mol% | A | (N 60 mol%
(i M b Mm% y N LT
x & i A 50 mol% o ) i P 80 mol%
A A R 90 mol% 4 i N ey 90 mol%
A AcaaMta Mepdnils .
s 10 15 20 x5 30 35 5 10 15 20 25 30 3
207° 20/°
() (d)
xi P Ll R
| T Ve ey 5 mol% A 1 mol%
P . 20 mot% <l 58 A 20 mol%
) RS 30 mol% - Lo R D%
3-\4 ok e E S ima% BRI
Z 2 e o Wi Weak:  §N x e
£ Omot% =~ 2k a AT A S
M moma . A RSN .
L A AN S mol% PO WP ST )
X J, A 95 mol% A R, e An
gy L A A M AIM AT
e
5 10 EIE T 2 B e, 2 U

L o A 20 mol%
1 A ma%
A A A 40 mol%
A, s A 50 mol%

5 10

1

5
20/°

Figure 3: PXRD patterns of crystallization products obtai
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d in crystallization of different ratios of thioxanthone derivatives:

a) I-TXANT-CI-TXANT, b) I-TXANT-Br-TXANT, ¢) F-TXANT-Br-TXANT, d) I-TXANT-F-TXANT and ¢) Br-TXANT-

CI-TXANT from acetonitrile. PXRD patterns of solid sol
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ding single comp phases are in identical

shade of blue, phase mixtures are in orange, and patterns simulated from crystal structures are in magenta.
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Figure 4: Melt phase diagrams of binary systems (a) I-TXANT-CI-TXANT, (b) I-TXANT-Br-TXANT, (¢) F-TXANT-Br-
TXANT, (d) I-TXANT-F-TXANT and (e) Br-TXANT-CI-TXANT. Lines are guides for the eyes, the colour coding is identical

to that used in Figures 2.

Predicted phase diagram using Schrioder—Van Laar
(SVL) model vs. experimentally obtained data

q sa

information). The figures are typical of eutectic systems and
show the liquidus and solidus curves and the experimental
and theoretical points at which these curves meet, i.e., the

points****. The eutectic ratios and their

The experimentally determined solidus and lig
temp es were plotted against the ¢ ion to
construct the phase diagrams. In addition, theoretical values,
based on the Schroder—Van Laar equation (see section
Theoretical values), few examples were added and are

shown in Figure 5 (detailed information see in Supporting

corresponding temperatures (Te), both experimentally and
theoretically determined for all analyzed nitrobenzoic acid
derivative and their isomer mixtures, are shown in Table 1.
The theoretical eutectic points did not differ by more than
10% from the experimentally determined values.

Table 1. Experimental and theoretical eutectic point and Te values for various thioxanthone derivative mixtures.

cessikniiec st -TXANT- -TXANT- -TXANT- F-TXANT-
Butectic po . CITXANT Br-TXANT F-TXANT Br-TXANT
Experimental eutectic point 0.63:0.37 0.41:0.59 0.63:037 0.53:047
mixture / mol
Experimental Te/ °C 1322 1445 1160 1204
Thicoretical sutectic point 0.42:0.58 0.56 : 0.44 0.63:037 0.53:047
mixture / mol
Theoretical Te/ °C 1122 1144 1173 127.7
6
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the luminescence color. In Figure 6, a CIE chromaticity

3.2 Materials with modulated properties via diagram is depicted for several solid solutions compositions.

solid solution formation.

Due to relative intensity changes of the spectral bands (see
Supporting Information Figure S13, there is a variation of
@

ClEx

Figure 6: CIE chromaticity diagrams (CIE 1931, standard observer) of several compositions of solid solutions from emission
spectra excited at Ae = 330 nm (room temperature): (a) I-TXANT-CI-TXANT?, (b) I-TXANT-Br-TXANT, (¢) F-TXANT-CI-
TXANT, (d) F-TXANT-Br-TXANT, (e) I-TXANT-F-TXANT and (f) Br-TXANT-CI-TXANT.

7
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3.3 Ternary solid solutions: I-
TXANT1—~Br-TXANTCI-TXANTy
solid solutions.

As a natural extension of our study on two-component
solid solutions of various thioxanthone derivatives, the
propensity of these systems to form three-component solid
solutions was also investigated. The ternary 1 : 1 : 1 solid
solution prepared, as in the case of the binary solid solutions,
by slow evaporation crystallization experiments showed
distinct peaks in the PXRD pattern (Figure 7), which could
be attributed to the formation of the ternary phase,
isomorphous with the parent ones. DSC measurements were
instrumental in confirming the formation of the ternary
solution, as only one peak was observed, at a different
temperature with respect to the previously analysed solid
solutions. Solid solutions of I[-TXANT/Br-TXANT/Cl-
TXANT were also prepared at various stoichiometric ratios.
DSC measurements of the solid solutions at various ratios
revealed only one phase for each composition. Varying the
concentration of on component while leaving the two other
components to be equimolar r d in slight changes in the
corresponding PXRD patterns (see Supporting Information
Figure S9).

o oo

Intensity

T T T T T 1

5 10 15 20 25 30 35

20/°

Figure 7: Comparison between the experimental PXRD
pattern for the I-TXANT(:Br-TXANT,:3Cl-TXANT) 33
ternary solid solution (upper line) and the RT calculated
ones (from top to bottom) of the pure iodide, bromine and
chlorine derivatives (patterns simulated from crystal
structures - I-TXANT (KOPZEX), Br-TXANT
(KOPZAT), CI-TXANT (CLTXANO1))*.

In order to investigate the melting point behaviour of the
ternary system, a large of DSC were
carried out (see the Supporting information). Figure 8
provides a visual representation of the results. Generally, the
melting points of the solid solutions were lower than those
of the pure compounds; the lowest melting points for the
ternary solid solutions were found at excess I-TXANT, with
the I-TXANT30motsBr-TXANT 10moteCl-TXANT jomots solid
solution showing the lowest one.

2-1odoth|oxanthone
Figure 8: 3D Ternary diagrams showing (left) compositions

of the I-TXANT.,Br-TXANTCI-TXANT, solid
solutions and (right) the corresponding melting points (°C,
peak temperatures from DSC). Red and green colours
(yellow in between) mark high and low melting points,
respectively.

3.4 Solid solution polymorphism in case of F-

TXANT - CI-TXANT system.
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Figure 9: Melt phase diagrams of various binary systems of
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Figure 10: CIE chromaticity diagram (CIE 1931, standard
observer) of pure 2-fluorothioxanthone and 2-
clorothioxanthone polymorphs from emission spectra
excited at Acx = 330 nm (room temperature).
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4. CONCLUSIONS

In this paper we have extended our previous work™ on
solid solutions of [-TXANT and CI-TXANT to the bromine
Br-TXANT and fluorine F-TXANT analogue, obtaining
new binary solid solutions in various systems, ie., I-
TXANT-Br-TXANT, F-TXANT-CI-TXANT, F-TXANT-
Br-TXANT, I-TXANT-F-TXANT and Br-TXANT-CI-
TXANT. Our study indicates that the technique of solid
solution can be employed to adjust the luminescence
characteristics of organic crystalline materials. This leads to
a substantial alteration in the luminescence spectra. Our
findings demonstrate that when dealing with single-phase
materials, it is possible to fine-tune their properties
continuously using this approach, which cannot be achieved
by chemically altering the luminescent organic molecules.
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