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DARBA LIETOTIE APZ IMEJUMI UN SAISINAJUMI

N, — aizmetiu veidoSaas vietu daudzums
N — izveidojuSos aizmeti daudzums laik
t — laiks

kn — aizmetu veidoSaas atruma konstante
C — konstante

n — stadiju skaits, kuras ir iesatss
aizmetu veidosSah

N; — sikotngjo aizmetu skaits

G(x) — aizmetu augSanastrums

r — radiuss

to — augos aizmeta veidosass laiks

o — aizmetu formas faktors

AL — augSanas dimensija

v — aizmetu tilpums

V — kopzjais aizmetu tilpums

i—IZ — aizmetu veidoSaas atrums

o — parversaras pakipe

kg — daiSaras atruma konstante

kT — beiguatruma konstante

k — reakcijasitruma konstante

D — difazijas koeficients

p — produktadzes bivums

| — parveidogs fazes biezums

n — reakcijas pape

E, — aktivacijas enegija

w — masas da

S — virsmas laukums

At — laika intendls

T — laiks, kad veidojas stabils aizmetnis
Ky -
konstante

aizmetu veidoSahAs atruma
K, — aizmetu augSanastruma konstante

AM — kogzja aizmehu masa

DTA — diferencila termiska anaize

DSK - diferencila skergjosa kalorimetrija
TGA — termogravimetrija

CNNG

veidoSaas un

vieradojums -  aizmeiu
augsanas
kombiracija

RM - relalvais gaisa mitrums

SD - standartnovirze

procesu



IEVADS

Hetero@na cietfazu pareju kingtika, saidzinajuma ar homogno kingtiku, ir sarezitaka.
Ciefas fazes reakcijashrejas ietekrgjoSie faktori ir daudzi un dadi, un parasti tie gdz it
parak komplicgti, lai visu to iespjamo ietekmi vadtu pilniba atspogiot ciefs fazes
parejas/reakcijas mateitiskajp apraksi. Tapec cietbizu pareja/reakcip ir svafgi apzirit un
izskaidrot daZdu faktoru ietekmi uz grejasatrumu. Cietfizu reakciju/@greju var ietekrat ne
tikai aplartejas vides apakli, bet ar vielas pirmsapside, k& ai parauga &sture.
Reakcijas/prejas vides apsklu un vielas pirmsapgiges ietekmi var noskaidrot, ja attigos
faktorus prejas laik maina, idgjadi identificgjot ietekmi un &s apjomu. Savukt, lai
izprastu, kKdel katrs konketais faktors dod tieSi na@woto efektu, nepiecieSams anatiz
parejas mehnismu: ar vielu veidojosan sasivdaam laika un tel@ notieko&s izmanas, ko
parasti vienkrsoti apraksta ar kitisko modeli. Kirgtiskais modelis ir pigemta materatisku
darlibu kopa, kas aprakstargjas lailk notieko&s izmanas.

Pedgja desmitgad pastipririta uzmaiba tiek velita tadam ciethzu parejam/reakcipm,
kuras petamais objekts ir farmaceitiski aka viela. TBda uzmarba Sai vielu grupai tiek
veltita, jo farmaceitiska@jindustrip viena no svagakajam prasbam ir razot vielas ar stingri
noteiktu kvalifiti, kuru defire attiedgas vielas specifiicija. Ka viena no &dam kvalitates
pragbam ir nosagums, ka ar akvo vielu nenotiks #ZZu sastvu izmahas/f@rmainas ne
razoSanas procgst.sk. tabletSanas procasne glalaSanas laik, ne af transporSanas laik.
Lai batu iesgjams optimizt Sos apsklus, tiek ieguldi lieli ITdzeKi farmaceitiski akivo
vielu stabiliites izgte, kas ietver polimorfo formu me¥lumus, fiZzu gEreju Etijumus starp
polimorfu-polimorfu vai solatu-polimorfu, un So freju ietekngjoso faktoru apziasara. Pie
fazu parejas ietekrgjoSiem faktoriem, kas jau ir sen ami, ka svafgakos gmin temperatru,
relaivo gaisa mitrumu, parauga sagatavoSanu, kas iéeanu, u.c. Pie neank labi
apziratiem faktoriem var miét blakus vielu ietekmi, kur blakus viela vaiithpaSas vielas
polimorfi un pseidopolimorfi, &k afi izmanto&s pildvielas, kuras aietekn vielas stabiliti
un pareju kingtiku. Buatiski ir pieverst lielaku uzmaibu stabiliites @Etijumiem gadumos, kad
gala produkts ir termodinamiski metastabils anfazu parejas var ietek@t maingi vides
apstk]i.

Sis promocijas darbs ir vetl tieSi tam, lai ciezu parejas/reakcijas laik risinatu un
modektu tadas komplietas probtmas, kdas var notikt ar termodinamiski metastabilu
akftivas vielas polimorfo formuaiu izgatavoSanas, glatanas un transpé&anas laik.



Darbamerkis ir noskaidrot apsiides, iztuéSanas apaklu un blakus vielu ietekmi uz
farmaceitiski alvo cietvielu fizu @rejam un to kirgtiku, ka ai pilnveidot cietfizu @rejas
kingtisko modeli.

Darba nerkim ir pakartoti Sadi uzdevumi

1. Pilnveidot cietfizu parejas kirgtisko modeli, kas ietver aizmgt veidoSanos un to
augSanu, kakuj atseviki noteikt Sos divus procesu raksturojoSos parareetru

2. Noskaidrot cietizu kirgtiku un to ietekrgjoSos faktorus sisma hidrats — polimorfs
— polimorfs, ki moddvielas izmantojot ksilamna hidrognhlorfidu un zopiklonu.

3. Noskaidrot cieizu kirgtiku un to ietekmjoSos faktorus sisima polimorfs —
polimorfs— polimorfs, kb modévielu izveloties ksilazna hidrognhloridu.

4. Apzinat farmacija izmantoto pildvielu ietekmi uz aifas vielas stabiliti un fazu
parejas kirgtiku, ka moddvielas izmantojot ksilama hidrognhofidu un zopiklonu.

5. Izpetit paaugstiata spiediena ietekmi uz ksilaa hidrognhlorida kristlisko formu
struktiru un stabiligti.

Balstoties uz promocijas darbegitajiem rezulitiem, var izvirat Sadus ziratniskas
novitates sasniegumus:

leviesta jauna metodika, kaaztl parejam atsevi&i lauj apekinat aizmetu veidoSaas
un to augSanastrumu konstantes, un ka®em \era faktu, ka augSanas laikaugoas fazes
ddinas saskaras. Jais metodikas ievieSanguj atsevii apskait un modeit aizmehu
veidoSa#@s un to augSanas procesusak spriest par ietekajoso faktoru ietekmi uz katru no
procesiem atsewis

letekngjoSo faktoru noskaidroSana sadikt cietbizu @rejam hidrats — polimorfs —
polimorfs un f@arejas mehnisma izskaidroSana, balstoties uz ies@istaizu kristliskajam
strukiiram.

Saliktas cietfZzu kirngtikas iz\erteSana un anae sistma polimorfs — polimorfs —
polimorfs.

Pildvielu un to daudzuma ietekmes é#éSana attieba uz farmaceitiski akvas vielas
termodinamiski metastabilo formu stalatitun to fiZzu prejasatrumu.

Jaunu ksilatna hidrognhlorida kristilisko sohatu iedgiSana in-situ kristalizacija
dimanta @ina un to strukiiras @Etijumi paaugstiata spiediena ieteken

Darbapraktisk a noame:

Saliktu ciethzu pareju Etijumi lauj spriest par hidta stabiliiti glabaSanas un
transporgSanas laik, mainotiesargjiem vides apgkliem.

Petot pildvielu ietekmi uz farmaceitiski akb vielu stabilisiti un fazu garejasatrumu, ir

paidits, ka svagi pieverst uzmaibu pildvielu iz\Elei un to daudzumam galaprodakt
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Augstspiedienadijumi lauj iedit kristalisko struktiru datus adiem jauniem solatiem,
kuri nornmalos apsiklos neveidojas, kaénto veidoSaas ir iesggjama tabletSanas procas
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1. LITERAT URAS APSKATS

1.1. Cietvielu uzhive unipaSbas

Cietvielas nereti < kristalizéties vaiikas kristiliskajas formas. Vienas vielas
at&irigas krisiliskas formas sauc par polimorfiemauksver, ka polimorfu uZltve atgiras
tieSi cieti agregtstavokli (tiem ir daads molekulu izErtojums [1]), kamdr tiem ir kopaga
&idra un gizes fize [2,3]. $ iemesla d| polimorfaagm formam parasti ir at§irigas fizikilas
un kimiskas ipasbas [4,5], & kuSanas tempefat [6,7], ¥idiba, &iSanasatrums, stabiliite
[7], morfologija un biopieejartba [6].

Vielu polimorfu atgirigas fizikalas un kimiskas ipasbas ir viens no iiskiem
faktoriem, kas gnem \era farmaceitiskag industrig zalu vielas razosan[8], jo atkirigas
ipa3bas var ietek@t farmaceitisko vielu iedatbu. Tas rada paaugsito risku situcijas, kad
razoSanas vai/un gla¥anas laik rodas cita polimo#fforma [3].

Atskir divus polimorfisma veidus — saojuma un konforricijas polimorfus.
Salartojuma polimorfiem molekulas ir neelags, nes§) pastvet dazdas konfornacijas, to
kristalreZgos atg&iras tikai molekulu pakojums, kamnkonformicijas polimorfiem latiskaka
at&iriba ir molekulas padtéSana dadas konfornacijas [3,5].

Cietvieam var eksisit an amorfs formas, kuam nav rakstuga kristliska rezsa,
molekulas cietaj faz€ ir novietojuds haotiski un am nepadiv noteikta sakrtotiba.
Amorfajam formam, saidzinot ar vielas kriatiskajam formam, ir lielaka %idiba un &iSanas
atrums, bet parastis ir fizikali un kimiski mazk stabilas [9]. duzsver, ka vielas amarfaze
nav vielas polimorfs [3].

Pie vielas krigtliskajam modifikacijam japiemin ar vielas pseidopolimorfus — higtus
un sohatus [10], kuru krisiliskie rezi satur ne tikai pasSas vielas molekulas, bat ar
Skidinataja molekulas stehiometriskvai nestehiometrigk attiedba, lidz ar to izmainot
farmaceitiski akvas vielasipadbas [11]. Sdi defirgtu pseidopolimorfismu quigja laika
literatiira gan iesaka saukt par solvatomorfismu [12].

Nereti pie pseidopolimorfiem miniavielu silus un kokrisilus, kuriem sa¥ starf ir
ieverojami atkirigakas ipadbas nek vielas soldtiem un polimorfiem [13]. &i ir fazes,
kuras cied stivokli sasiv no anjoniem un katjoniem, savank kokristli sastiv no divam
neitralam molekuim, kuras sa¥ star@ saista daadi starpmolekuras mijiedarfibas spki
[5].

leprieks mirto cieto fizu klasifikaciju shematiski var apkopot 1.1. @t
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Amorfa

Cietviela — Kristaliska———»Vienkomponenta

Vairakkomponenta

|

Hidrats
Sals » Polimorfs
Solvats
Kokristals

1.1. attCietvielu klasifik acija
1.2. Polimorfo formu termodinamiska stabilitate

Vienas vielas vaiikiem polimorfiem noteikt temperaira un spiedied vienlaikus
nevar it vierada biva enegija, iznpemot gagumu, kad polimorfiem ©Stemperaira un
spiediens ir idzsvara ap3kli. Stabiekajam vielas polimorfam vienen ir zemika biiva
enegija. Starp farmcija izmantotagm akivo vielu polimorfaim formam nereti ir
sastopamas metastabilas formas [4,5], kuras do#ggstklos ir termodinamiski nestabilas,
tadu fazu pareja uz stabilko formu netiek nogrota [3,14]. Gdi polimorfi var sporini pariet
stabibkkaja forma jebkua laika [2].

Pasiv divas polimorfo formu fru sisemas: enantiotropiska un monotropiskai- $
klasifikacija balsiis uz polimorfo formu termodinamiskap ipagbam. Monotropisk sisema
viena forma ir nestaldka attiegba pret otru vid temperairas apgabal lidz pat kuSanas
temperairai. Enantiotropisk sisema eksis€é parejas temperata T;, zem kuras viena
polimorfa forma ir stabiika par otru, un virs kuras statkb ir otra forma. Abus gadmus
uzskaimi var attlot ar bivas enegijas-temperatras (G-T) diagrammu 1.2. ali (a) un
(b) [15].

a) P, b)
™ Skidrums
~
N KTy
Forma B\~
\
G Forma A" N G
-
KT~ NN
\ AN
A A\ .
vV N
\‘ ‘- hJ N
Temperatira Temperatira

1.2. att.Energijas (G) - temperatiras diagramma monotropiskiem (a) un enantiotropiskem (b)

polimorfiem (KT — attiecigas formas kuSanas temperdtra, T, — idzsvara temperatfira)
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Kvalitativai polimorfo formu savstagpas termodinamisis stabiliites raksturoSanai
izmanto Burgera - Rambergera likumus [1], bet kiafiti termodinamisks stabiliites
attieabas var a#lot, lietojot Gibsa engijas vieradojumu [5].

Ja vielas polimorfi veido enantiotropisku 8ieu, tad fnoskaidro savstagm lidzsvara
temperaira, kué abu stabiliite ir vierada [5]. dnem gan @ra, ka enantiotropiskas séshas
gadjuma fazu pareja no polimorfa A uz polimorfu Bge temperatras T, sasniegSanas vaiar
nenotikt (ja A forma ir metastabila), kaslz ar tolauj noteikt abu polimorfo formu kuSanas
temperairas [10].

1.3. Cietfazu parejas un tomethanismi

Ja tirgh izlaistai farmaceitiski aktajai vielai noero pekSnu citas formas padiSanos un
Iidz tam ie@tas formas izzuSanu no radstZlu vielas, tas var raflielus zaudjumus
attiedgo zlu razogjam, ka af atsht negaivu ietekmi uz patrétaja veseibas sivokli. Par
spilgtako pientru Saj sakad var miret gadjumu ar farmaceitisis komgnijas Abbottrazoto
HIV medikamentuRitonavir. Sakotrgji Abbott razoja polimorfo formu, kuras stabilie
netika @rbaudta. Velak razoSanas procesa laikika veidoties jauna polimarfforma, kura
bija termodinamiski staldka par idz tam razoto formu. Rezald vairs nebija iespams
legat pirms tam razoto polimorfo formu, kas lika uz gadirtraukt Ritonavir razoSanu. Ja
pirms akivas vielas razoSanas @kSanas Btu piewersta liekka uzmaiba stabiliites un
kingtikas Etjumiem, tas btu lavis atkht termodinamiski stakiko formu [16,17]. Sis
piemers skaidri parada, kafu parejas kirgtikas un mehnisma noskaidroSanai un izpraSanai
ir ne tikai ziratniska, bet arliela praktiska noume [4,18].

Sakuma butu nepiecieSams defih atkiribas starp terminiem ,ciéttu pareja” un
.parejas mehnisms”. Ar cietfizu pareju saprot polimorfo formu 3peju, kui ir iesaisita
molekulu garkartoSaras kristliskaja rezsi, bet girejas mehnisms apskata So procesu: tis
notiek molekudraja limen un kas notiek ar molekiarh laika un tel@ [19].

Daudzi cietfizu kirgtiskie mod@ ir attistiti/izveidoti pagjusa gadsimi. Lielakais
vairums lietoto kigtisko modéu ir balstti uz eksperimeiatiem nowerojumiem, bet ir artadi,
kas ir izveidoti no tea@tiskiem pimémumiem. PasSreiz lietotie ci@fu modéi ir klasificéti
atbilstosi to mefinisma daribas principiem [20].

Balstoties uz domifoSiem cietizu parejas mehnisma daribas principiem, modas
var klasificct Sadi [20]:

1) Aizmenu veidoSaas un augSanas mdde
2) Razu robezvirsmas motl€geometrijas mode;
3) Difazijas modé;

4) Reakcijas paipes moda.
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1.3.1. Aizmenu veidoSaras un augSanas mode
Ar Siem mod#em var aprakst daudzas cieifu parejas, tai skait kristalizaciju,

kimisku sadabBanos, hidratiju vai desolvatciju [20]. FaZzu pareju aprakstoSajam grafikam
koordiratés o (parverSaras pakipe) —t parasti ir sigmoiala forma [18].

Aizmeta veidoSans procesu var iedoaties ki produkta fizes iedgla izveidoSanos,
kurai ir fazu robezvirsma ar izejagZi [21]. Produkta #zes iedgli nav iesgjams atdat ka
individualu un stabilu #zi, jo tam sagladjas izejas #zes strukdra un molekulu novietojums.
Nepartraukti notiekot aizmeis veidoSads procesam, & ai samazinoties kapai
defornicijas sprieguma engpai, notiek stabiikas (produkta)dzes veidoSais [22].

Aizmetyi veidojas viesis, kur ir samazifta parverSaris aktivacijas enegija. Sadu
stavokli kristala rada fluktdcijas lokila enegija, kura rodas no krigla nepilnbam un no
siltumkusibas. Nepilfbas rodas no piem@gmiem, dislokcijam, kriséla plaigsm un
defektiem, dpat &s noErojamas aruz kristla skaldiem un &autrem [23].

1.3. atéla ir dots shematisks atbjums, pafidot, kug bridi notiek aizmaja veidoSass,

un kui bridi notiek & augSana [24].

Airmetnn veidoZands

-
&)

Atomu
(jonu vai molekulu)

Augods almmetiis

]

] Atomu (Jonu va

| moleluln) skaitts

o — —

Larmetny

veidofands wietas
1.3. att.Gibsa eneggijas izmainas aizmehu veidoSaras un aug3anas procesu laik
Pirmaizmetnis ir tik mazs, ka to nevar noteikt mevidnu no ciefzu pareju/reakciju
pétiSanas metdon. Gan pirmaizmetnis, gan aizmetnis varigt atpakd iepriekgja stadip,
kamer augoSais aizmetnis to vairs ngisgdart un sggj pariet tikai produkta ze [24].
Aizmetqu veidoSams atruma vieadojumi ir balsiti uz diviem atgirigiem
pienémumiem: 1) aizmeiu veidoSads notiek Bc vienstadijas memisma; 2) aizmei

veidoSagas notiek @c vairakstadiju mehnisma [25].
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Vienstadiju aizmetu veidoSaas procesa modedara pienem, ka potenalo aizmeha
veidoSanas vietu daudzumd\p) ir tieSi saisits ar varfatibu, ka tur izveidosies aizmetnis, un
tas notiks pc pirmas pakipes procesa viadojuma:

d\/dt = ky(No-N), (1.1)
kur N ir izveidojuSos aizmat daudzums laik t un ky ir aizmehu veidoSaas atruma
konstante.

Diferencjot (1.1) vieradojumu, ie@st eksponenglo aizmetu veidoSaas likuma
viemadojumu:

dN

— = kyNoe (knt) (1.2)

Vienadojums (1.2) apraksta eksponeaheiaizmetu veidoSaas likumu. Jeky vertiba ir
loti maza, tad eksponeatais loceklis ir praktiski ekvivalents ar 1, un mietu veidoSaas

atrums ir gandiz konstants. Rezala iegist linearo aizmehu veidoSads kingtisko

viemadojumu:
N=knNot (1.3)
Savukirt, kad k vertiba irloti liela, aizmeti izveidojas praktiski momeani [20,25]:
dN/dt=c0 (1.4)

Vairakstadiju aizmetu veidoSaas procesa modeélara piepem, ka veiksngai aizmetiu
augSanai ir nepiecieSami vakr aizmehu sdi [20]. Lai aizmehu augSana vatu turpiraties,
ir nepiecieSams sasniegt noteiktu produk&ze$ aizmetu skaitu ar kritisko izreru
(pirmaizmetus). Produktaazes déinas, kuras ir lidlkas par kritisko izréru, ir stabilas un to
augSana reakcijas saskarzonr izdevigaka. Sidas d#inas uzskata par augosiem
aizmetiem [22].

Sadus procesus var raksturot ardisko vieridojumu (1.5), kurs ir z&ms ka pakapes
aizmetu veidosaas likuma vieadojums:

dN/dt=Cnt"?, (1.5)
kur C ir konstante um ir stadiju skaits, kuras ir iesaists aizmetu veidoSaas proces [26].
Allnatt un Jacobspilnveidoja vieadojumu (1.5) un pigema, ka skotrgjie N; aizmeni
rada i molekulas:
dNi/dt=Kk;.1 Ni.1(t)-kiNi(t) (1.6)
No (1.6) vieadojuma izriet, ka visprigam stadiju skaitam var uzraktstattieagu
vienadojumu:
Ny, (£)=No[0]Ko_ kit"=Kt" un dN/dt=kt"* (1.7)
lepriekSmirgta informacija par daZdiem aizmaju veidoSahs atruma vieradojumiem ir

apkopota 1.2. tabal
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Aizmetnu veidoSaras likumu moddi cietfazu reakcijam

1.2. tabula

Atruma likums

Aizmetnu veidoSaras
atrums dN/dt

Aizmetnu skaits, kas
izveidojas laika t, N

n vertiba, ko izmanto
vienadojumos

o kn(No-N)
Eksponencilais kNN’:I,e Cknt) N,[1 —e (N0 ] 1
Linearais knNo knNot 1
Konstantais 00 No 0
Pakapes Cnt™* ct >1 (parasti 2 vai 3)
kyN,
Kedes sazaro3aiis kyNyekzt N0 feket — 1} -

ks

Aizmegu augSanagsitrumu G(x)) var defirgt ka radiusa pieaugumatrumu ddinai no
aizmeha stadijasiblz pilnigai produkta #zes dé@inai. Aizmeha augSanasgtrums parasti ir
atkafigs no & izmera [21,25]. Tas ir saigs ar to, ka mazi aizm@t(pirmaizmeti) var pariet

atpakd uz sikotngjo fazi. Stabila aizmeia (augoSa aizmgd) radiusu €(t,to)) laika t raksturo:
r(t,t,) = [ G(x)dx, (1.8)

kur G(x) ir aizmeha augSanagrums unt,— augos aizmeha izveidoSaas laiks.

Tapat ki aizmehu veidoSaas procesam ir divi pigmumi, af to augSanai ir divi
pienémumi, kuri ir balsiti uz: 1) aizmeaja formu ¢) un 2) augSanas dimensiju).( Abi
pienemumi apraksta aizmgl augSanaatrumu, balstoties uz individia aizmeta tilpuma
pieaugumu \{(t)). Stabila aizmeia veidoSaas laiku ;) un & tilpumu v(t) laika t saista
sakarba:

v(t, to)=olr(t,to)]", (1.9)
kur Z ir dimensiju skaits, karaug aizmetnis (1, 2 vai 33,ir formas faktors (#/3 skriskam
aizmetnim, 8 kubiskam aizmetnim) un r — aizpaetadiuss laik t. Izmantojot vieadojumu
(1.9), var noteikt tilpumu vienam augoSam aizmetnkopsjo tilpumu visiem aizmeiiem
(V(t)) var apekinat, kombirgjot aizmehu veidoSaas atruma (dN/dt) un to augSanagruma
(V(t,tp)) viemadojumus. Lai apkinatu dazdos laikos veidojuSos aizmpet augSanu tg),

izmanto &lak doto vieradojumu:

V(®) = f, v (D) e, dto,

kur V(t) ir visu augoso dau tilpums un dl/dt — aizmetu veidoSaas atrums. Aizvietojot

(1.10)

viemadojuma (1.8) loceklir(t,t,) ar vieradojumu (1.9), un vieadojuma (1.9) locekliv(t) ar
vienadojumu (1.10), iegst:

V(O = f; oSy, 6N ED =y dto (1.12)
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Vienadojumu (1.11) var inte@t jebku kombiracija, apvienojot aizmeu veidoSaas
likuma vieradojumu un to augSanas viglojumu, kK rezuléta var iegdit vispargju atruma
viemadojumu, kuru var uzrakgtforma g(a)=kt[20].

Palkapes likuma modelisVienkarsakaja gadjuma aizmetu veidoSaas notiek [gc
viemadojuma (1.4), un to augSanasumu pimem par konstantuQ(x)=kg), ka rezuléta
vienadojums (1.11) prveidojas par:

V() = f; o(J; (ka(t — to))*Cnt" 2 dt, (1.12)

Veicot vieradojuma (1.12) prveidoSanu, integ8anu un dazu locék aizsSanu, iegst
vienkarsotu vieadojumu:

()" "=kt, (1.13)
kur n=m+A (ietverot aizmetu veidoSaas likumu un dimensiju, 4da notiek augSana).aTka
atistot So modeli, ir izmantots piemums, ka aizmatl augSana ir konstanta, ar So modeli
faktiski var aprakst tikai kingtikas knes akuma déu [20].

Avrami-Jerogjeva modelis.Cietfazu parejas aizmefu augsSanai ir iegpgami daadi
ierobeZojumi, kuru rezuta var samaziis to augSanaatrums. Divi galvenie augSanas

ierobeZojumi ir aprakdt literatira [27] uz uzskami ate&loti 1.4. atéla.

Ieaugfana

Saaugsana

1.4. att. Aizmetpu augSanas ierobezojumu shematisks @&tbjums. Melnie punkti — potencilo
aizmetnu veidoSaras vietas, pedkie apli — augosi aizmei

leaugSana ir process, kujau izveidojies aizmetnis augot z&upotencilu aizmetha
veidoSags vietu; ieauguss vietas nekad neveidos augosus aigogtjo tie jau ir ielavusies
cita augod aizmetn. leaugusos aizmgis cve par ,fantoma’ aizmeiem. SaaugSana ir
process, kur saskaroties diviem vai vakiem augoSiem aizmgem, tiek zaudta skotngjas
fazes/produktaalzes saskarzona [20].

No iepriekSmiita izriet, ka potenailo aizmetu vietu faktiskais skaits ir [28]:

N1 (t)=No-N(t)-Na(t), (1.14)
kur N, ir iesg@jamas aizmetiu veidosaas vietasN(t) — izveidojusSies aizmet laika t, Na(t) —
ieaugusSie aizmet laika t, N(t) — aizmetu skaits, kuri 8kusi augt. No vieadojuma(1.14) var
attistit parveidotu pakpes likuma modeli, bet to ievietojot vidojuma (1.11), iegtajam
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vienadojumam nav anglska atrisimjuma [25]. So pro@mu Avrami noversa, ievieSot
lielumu a” (paplaSiato parverSaras pakipi, kas ir arverSaras pakipes defificija, izmantojot
vienadojumu o=(kt)?, lidz ar koo ™>0). So lielumu aro (parvérSaris palipi) var sasaist,

izmantojot vieadojumu:

do =da/(1-a), (1.15)
kuru integgjot iegast:
a =-In(1-a) (1.16)
Aizstajot vieradojumu (1.16) ar (1.13), iégt [29]:
kt =[-In(1-a)]*" (1.17)

Vienadojumu (1.17) sauc palMAEK kas ir izveidots no So viadojumu afistjuso
zinatnieku uzvrdu pirmajiem burtiemJohnsonMehl, Avrami Erofeevy Kholmogoroy [20].
Autokataitisks modelisHomognaj kingtika par autokatafiskam reakciim uzskata
tadas, kuras katalézpaSu reakciju produkti, saviuk cietfazu kingtika tadas ir reakcijas, kas
sakuma fize reakcijas laik ,dalas”, radot jaunus kristalicijas aizmejus. AugoSie aizmet
seknt parejas #das kristila nepilngajas viets ka reakcijas saskarzaresods dislokicijas vai
plaisas [30].
Aizmetgu veidoSanos autokattskas reakcifis var defigt ka:
dN/dt=knyNo+N(kg-k7), (1.18)
kur kg ir daliSaris atruma konstante,k— aprauSais atruma konstante. Ggdma, ja kyNo
netieknemts \éra, iegast vieradojumu (1.19):
dN/dt= N(kg-kt) (1.19)
To var n@eemt \era divos gagjlumos: 1) ja k ir loti liels, un dkuma aizmatu vietas tiek
aizpilditas momeraini, 2) ja k ir loti mazs,idz ar to locekli kN, var ignogt.
Reakcijasatrums ar aizmeiu skaitu ir saists ar &du vieradojumu:
da/dt=k’N, (1.20)
kur k™ reakcijasatruma konstante. a'ka kinctiskajai fiknei ir sigmoidils raksturs, tad
parliekuma punka (oj, ) dN/dt maina mmi un ks=ky var defiret ka:

kr=kg(o/a;) (1.21)
Vienadojumu (1.21) ievietojot (1.19), iagt:

dN/dt= Nkg(1-0/a;) (1.22)
Ta ka speka ir sakarba dN/di=dN/dtdt/da, tad var iegt:

dN/de= k™ (1-o/a;), (1.23)
kur k™ =kg/k". Vienadojuma (1.23) atdalot maigos un vieadojumu integgjot, iegast:

N=k(a-0/20;), (1.24)

Aizstajot vieradojumu (1.24) ar (1.20):
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do/dt=kg(0-0/20:) (1.25)

KopSProutun Tompkingienéma, kao;=0,5, vieradojumu (1.25) var red@tuz:

do/dt=kga(1-0) (1.26)

Atdalot maingos un integgjot:

In[o/(1-a)]=kglnt+c, (1.27)
kur c ir integeSanas konstante, kas nepiecieSamaghtibas litu pozitvas [20].

Literatira [31] ir atrodams apkopojums par aizmeweidoSaas un augSanas procesu:
1) Aizmetu veidoSaas sikas, kad ir sasniegta noteikta tempanmatl;. Temperaira vienas
vielas daidiem kristiliem (un ar dazdiem paraugiem) var aisties.

2) Aizmetu veidoSaas vieghk notiek tagis kristlu vietas, kur ir defekti.

3) Lidzsvara temperata T ir ,iekodéta” noteikta veida defektos, ua Ibis viena una pati,
ja defekts s viens un tas pats.

1.3.2. RZu robezvirsmas mod#

Sie modé paredz, ka #u parejas gkuma notiek faktiski momemna aizmeiu
veidoSans uz kristla virsmas. Atkaba no kristla formas var aistit dazdus materatiskos
moddus. Rirejasatrums tiek izteikts & reakcijas saskarzonas \garas uz kristla centru.
Lidz ar to jebkuram kriskam var uzrakst Sadu visgarigu sakaibu:

r=ro-kt, (1.28)
kur rir radiuss laiki t, 1, ir radiuss laiki t, un Kk ir reakcijagsitruma konstante [20,32].

Divdimensioals fazu robezvirsmas modelis (cilindrisk§)ilindriskam ddinam tilpums
ir hzr?, kur h ir cilindra augstums un r adiuss. Bezgagji lielam ddinu skaitam "n” tilpums
ir nhzr?, bet masa inphar?. Ta ka o tiek defiréta ka:

=t (1.29)

Mo—Moo
kur my ir izejas fizes akuma masa, m- izejas izes masa laikt, m, - izejas fizes beigu

masa. Sajgadjuma pieaem, ka m~0, iedistot:

_ Me—m¢
a=— - (1.30)
Tad ” n” ddinam, kuras piedak reakcij:
__ nphmr? —nphnr?,
a= pp— (1.31)
Vienadojums (1.31) red@gas uz:
a=(1- o (1.32)

Aizstajot vieradojuma (1.32) r \ertibu ar vieadojumu (1.28), iegst:
a=1- (=2 (1.33)

To

19



Vienadojumu (1.33) var grveidot:
l—a=(1- %t)z (1.34)
Ja k=k/ry, tad vieadojumu (1.34) var uzrak$tsada formta:
1-—(1—-a)/? =k,t (1.35)
Trisdimensioals fazu robezvirsmas modelis &sd/kubs). Sferiskam ddinam tilpums ir
47r¥3, lidz ar to "n” ddinam tas iBnzr’/3, un to masa #/3pnzr’. Saj gadjuma vieradojums
(2.30) "n” reakcifi iesaisitam ddinam ir:

npnrd —2npmrd
3 p o 3 p

a= — , (1.36)
Snpnr o
kas redugjas uz:
7‘3
a=(1-=) (2.37)
To
Aizvietojot r \ertibu ar vieadojumu (1.28), iegst:
a=1-(23 (1.38)
ko var parveidot:
l—a=(1- rEt)"’ (1.39)

Ja k=k/r,, tad vieadojums (1.39) prveidojas uz:
1-—(1—-a)3 =k,t (1.40)

Lidziga veida analogu izteiksmi var ied ai kubiskiem krisiliem [20].
1.3.3. Difazijas moddi

Parasti ciefzu reakcija notiek starp kridtezgiem vai molekuim, kuam ir ierobezota
kustba, kas nereti ir atkega no rega defektiem. Difzijas reakcijas gapima starp cietizu
virsmam (kristalrezgiem) pagiv reakcijas laik parveidot faze, kua notiek difundantaazes
parvietoSaas, kas ir reakcijasitrumu kontroéjosa stadija [20]. Difizija caur plakni ir
shematiski paidita 1.5. atla.

P Q
® ®
«—>
l

1.5. att. Difazijas caur plakni shematisks atélojums (A — parveidojama faze, P — reakcijas
saskarvirsma, AB — farveidota faze, Q — akotnéja reakcijas saskarvirsma, B — difundanta fize,
| — parveidotas fazes biezums, x- koordiate, kura parasti ir perpendikul ara sakotngjai reakcijas

virsmai)
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Diftzijas kontroktajam reakcigm produkta 3zes veidoSais atrums samazis
proporcionali ar parveido@s fazes biezuma palielasanos [22].
No 1.5. attla var secint, ka difundanta masa (B), kassgso @rveidoto fizi (AB) laika

dt un nodroSina produkta#es veidoSanos, ir:

kur Mag un Mg ir AB un B molekulumolmasa, D ir ditijas koeficientsp - produkta fizes
blivums, | - parveidoais fazes biezums, C -ates B koncenicija produkta 3z, x ir
koordinate, G un G ir fazes B konceniicija attieGgi uz reakcijas saskarviram P un Q.

Atdalot maingos un integgjot vieradojumu (1.41), iegst:

12 =2D Mt (1.42)
Mpp '
Gadjuma, ja k=2D[Mag(C2-C1)]/Mgp, vieradojums (1.42) Kist par:
2=kt (1.43)

Vienadojums (1.43) ir ziams ka paraboliskais likums, kas attiecas uz pERnkuras neietver
nekadus formas faktorusidz ar to @arverSaras pakipe ir tieSi proporcicila parveidots fazes
biezumam I”, un vieradojums (1.43) kist par:

o’=kt, (1.44)
kas atbilst viendimensiatam difiizijas modelim.

Talak apskaits tisdimensioala difazijas modéa vieradojuma izvedums, kurS attiecas

uz strisku ddinas formu. BrvérSaras pakipi nenoteiktam skaitam reak&ijesaisitu skerisku
ddinu iedist, apvienojot viesdojumu (1.30) un §fas tilpuma izteiksmi 4{tR>:

gnprrR3 —gnprt(R—l)3

=1- () (1.45)

npmR3

Parveidojot vierndojumu (1.45), iegst:
I=R(1-(L-w)*?) (1.46)
Izmantojot parabolisko likumu)Jander defirgja |. Vienadojuma (1.46) | aizstjot ar

vienadojumu (1.43), iegst:

R%(1-(1-)*?)%=kt (1.47)
Pienemot, ka k'=k/R, vieradojums (1.47) kist par:
(1-(10) =kt (1.48)

ko sauc par D3 jebandermodeli.

Ginstling-Brounshteirkopdarbs padija, kaJandervieradojums irloti vienkarSots un
spej apraksit tikai mazas @rverSaras palipes \értibas. Ginstling-Brounshtein So
viemadojumu atfistija talak, iegistot:

2
1-Za—(1-a) =kt =-—

3te=1
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kas ir zirams ka Ginstling-Brounshteimodelis jeb tisdimensioals difazijas modelis.
Pienemot, ka dhpa ir cilindriska un ka difzija notiek caur cilindra apvalku ar
pieaugosu frveidoto fzi, var atvasiat divdimensioalu difazijas modeli (D2), izmantojot

tos pasus pigmumus, ko lietoja D3 modie gadjuma. Cilindriskai dadinai:

|I=R(1-(10)*? (1.50)
Saskaa arJanderpiepemumu, vieadojumu (1.50) var grveidot:
(1-(1-w)"32%=kt, (1.51)
kur k'=k/Re. Veicot vieradojuma prveidojumus, iegst:
(1-a)In(1-0)+a=kt=t/t,=1 (1.52)

Visi apskaitie vieradojumi ir piengrojami gadjumiem, kad reakci iesaisis
stehiometriski savienojumi. Gadmos, kad savienojums nav stehiometrisks, staadart
viemadojumi sygj apraksit vai nu tikai mazasgoversaras pakipes rtibas, vai artikai lielas
parvérSaras pakipes \értibas [20].

1.3.4. Palapes modéi

Palapes modg péc batibas ir vienkrSakie no modéem, jo tie ir idzgi kingtikas

viemadojumiem, kurus izmanto homémggja kingtika. Pakipes modelis ir atvasits no

sekojod vieradojuma:

‘;—‘: =k(1—a)", (1.53)

kur do/dt ir reakcijasatrums, k —atruma konstante, n reakcijas ppk. Ja vieadojuma n=0
(1.53), iedist nullas pakipes modeli (FO/R1):

da

e — k (1.54)

Atdalot maingos un integgjot vieradojumu (1.54), iegst:

a=kt (1.55)
Ja vieadojuma (1.53) n=1, iegst pirmas pakipes modeli (F1):
da
e k(1-a) (1.56)

Atdalot maingos un integijot vieradojumu (1.56), iegst:
-In(1-o)=kt (1.57)
Pirmas pakipes modelis ir ziams ar ka Mampelmodelis [20].
1.4. Cietfazu parejas ieteknmgjosie faktori
Cietfazu parejas ietekrgjoSo faktoru noskaidroSarauj detaliztak izprast pasu gveju
melanismu. Ir zirami vairaki faktori, kuri var ietekmt cietfazu pareju kingtiku, bet par
nozZimigakajiem uzskata tempefat), relatvo gaisa mitrumu, melnisko slodzi [6], kristlu

defektus un dau lielumu [33].
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No kinctikas pamatpostata ir zirams, ka paaugstinot temparat par 10 °C, &u
parejasatrums parasti pieaug 2-3 reizes [34], bet aiifarejas &ds nogrojums biezi vien
nav sgka. Janem \era, ka ciethzu parejas vienlaikus var ietekeh vairaki faktori, kuri var
maint pareju atrumu, to palielinot vai samazinot. Temp@ras ietekmi uz frejasatrumu var
apraksit ar Argniusa vieadojumu [20]:

&L = f(y)AeEr/RT, (1.58)
kur y — reakciju raksturojoSais parametrs (pieitryma konstante, laiks pie noteikta produkta
veidoSaAas daudzuma, u.c.), t — laiksy¥( funkcija, kura raksturo reakcijas parametry-E
aktivacijas enegija, R — univerala gazu konstante, T — tempetiaa.

Aktivacijas enegija (Eg) ir vertiba, kura #da, cik liehk mera fazu pareju ietekng
temperairas paaugstisana. Joisvertiba ir lielika, jo @reja ir juigaka uz temperatas
paaugstiaSanos. Aktidcijas enegiju ir iesgejams apekinat tieSi @c vieradojuma (1.58), vai
afn izmantojot & modifikacijas (piem., izmantojot izokonversijas metodestukgadjuma
atruma konstantes nenosaka tieSi, bet ganciiem ar im saisttiem parametriem) [20].

Apskatot @argjo faktoru ietekmi uz #&u pErejam, var seciat, ka tie var gan izmaih
aktivacijas enegijas \ertibas — palieliat vai samaziat tas, gan armairit fazu @rejasatrumu
pie kadas konstantas tempareds [35].

Pieaugot relavajam gaisa mitrumamaZu rejasatrums (pie konstantas tempenats)
parasti pieaug. Tas skaidrojams ar to, ddi gar izmainties sikotr¢jas fazes termodinamisk
stabilitate, kas var palielidt parejas atrumu uz stabilko formu, lai gan ir iespama ar
starpfizes raSads, kas var samazih fazu parejas atrumu. Paaugstits relalvais gaisa
mitrums var ar veicinat bieZikas molekulu sarstibas, kas var stiméil stabikkas formas
veidoSanos [35,36].

Mehaniskas slodzes, krigta defektu un dau lieluma ietekmi uz#u pErejasatrumu
var apskat ka vienu faktoru, jo parasti tie rodas parauga inetkas apsaides (piem.,
berSanas) procags Ddinu lieluma ietekmi var saigt ar vielas virsmas palieliSanos.
Mainoties déinu lielumam, var maiities fizu parejas mehnisms. Ddinam Klastot mazkam,
tas var zaudt kristaliskuma pakpi un ddgji iegit amorfis fazesipadbas, kas var veicit
spontinu stabiikas formas veidoSanos, jo vielas igiSenegija Sada gadjuma ir lielaka
[37]. Sohatu un hidatu paraugiem, palielinoties virsmai, i€gma viegika idinataja
molekulu atbivoSaras no strukiras, sadzinotar paraugiem ar l@du ddinu izmeru.
Lielakam ddinam ir mazka ipatrgja virsma, kuru @l tas var it mazk reggtspejigas nek

mazkas déinas [35].
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BerSanas vai gifanas procesa reziilt ddinu sadajums [Ec iznmeriem Kast
homognaks. Paraugos ar dada iznera ddinam vienlaikus var notikt vaiki procesi.
Dazida izntra ddinas katra var veiciit savu frejas mehnismu, kas var izpaustiesi k
salikts kiretikas process, ko neidenti§jot iegast nepareizu priekSstatu paiz@i parejas
mekanismu [35].

BerSanas process uzlaa virsmas var ratl tadus papildus defektusakizumus un
dislokacijas. Defektu skaitam sasniedzot noteiktu robeXxar samazidties vielas
kristaliskuma pakpe vai var tikt veiciata stabiiikas fazes veidoSais defektu viets [38].

Cietfazu pareju var ietekrat ne tikai apirtcjas vides apakli vai parauga sagatavoSana,
bet ar piemaigumi. Piemaigumi ir struktula zina atkirigas cietasazes: &s var lit pasas
vielas sada$aras produkti vai, farmaceitiski aio vielu gadjuma, afi pildvielas. Literaiira
ir atrodami vaiiki pétijjumi, kuros ir apskata pildvielu ietekme uz akias vielas
stabilitati, turklat pildvielas stabiléti var gan palieliat, gan ar samaziat [39-42].

1.5. Polimorfo formu petisSanas metodes

Ir pieejams plaSs &bts ar metogm, kuras var izmantot farmaceitiski akd vielu
petiSara un kvalites kontra¢ - rentgendifraktometrija, infrasarkanspektroskopija,
kodolmagutiskas rezonanses spektroskopija, terraigdnaize u.c. metodes [5]. Cia#fu
pareju Etijumos viena no plag lietotagm un biezi ar pienerotakajam meto@m ir pulvera
rentgendifraktometrija, kurai ir pietiekami augsgkirtspeja, lai sgtu viegli kvalitatvi
at&irt un kvantitaivi preazi noteikt polimorfis formas un citasifes cietos paraugos [18].
1.5.1. Rentgendifrakcijas metodes

Monokristila rentgendifraktometrija S metode ir viena no popirakajam un
piemerotakajam cietvielu strukiiru noteikSanas metéoh. Ta sniedz detal@u informaciju
par vielas krigtlisko rezi, par & dimensigm, lenkiem, saiSu garumiem, saiSulkéem un
atomu novietojumu krigtiskaja rezst (iznemot pretzastudenraza atomu paeijas). Paraugs ir
vielas kristls, kuru ngriSanas laik apstaro ar rentgenstarojumu. Rentgenstarojums tiek
geneets ar rentgenlampu, kuras izdalstarojuma Mina garums ir atk&gs no izmantat
anoda matedla (popukrakie ir molibdens un varS). Starojums tiek laists cauri
monohromatoram, atlgjadi iegastot monohromatisku starojumu. Stars tiek korterar
kolimatora paldzibu, kas to novirza pr&d uz paraugu. Mijiedaiba starp So prirro
rentgenstarojumu un paraugu rodas sekwad starojums. Priamais un sekurdfais
starojums palaujas matemtiskai sakaibai, kuru @vé par Brega vieidojumu. Deteldjot
sekundra rentgenstarojuma telpisko saglanu un & intensitti, iegast informaciju par
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attalumu starp kristliskaja rezst esoSajiem atomiem vai jonierapéc var uzskat, ka paraugs
funkciore ka difrakcijas regis.

Datu (sekunara starojuma telpisk sadafjuma un & intensitites) reistréSanu veic ar
detektoru, iegstot vismaz 1000 unilkus refleksus. legajiem refleksiem piddr hkl
indeksus. Veicot Fugjparveidojumus, iegist savstargjo saistbu starp difrakcijas ainu un
rezga parametriem,&arn atomu novietojumu krigliskaja struktira [43—45].

Pulvera rentgendifraktometrijaAtskiriba no monokrisila difraktometrijas metodes,
Sap gadjuma paraugs ir pulverveida viela, nevis monokilst Tapat ki iepriek€ja metod,
arn Sap paraugs tiek apstarots ar rentgenstarojumu, utgeestarojums izkliegjas tel@
noteiktos virzienos, kuri ir atkegi no atomu izkrtojuma kristliskaja rezsi. Dati tiek atéloti
viendimensioalas pulvera difraktogrammas (starojuma inteateg atkaibas no B lepka)
veida.

Difraktogramma satur inforaciju par izes elemeatsanu: difrakcijas refleksu paeiju
nosaka elememtsinas parametri, bet interdit — atomu un jonu saturs un novietojums.
Metode ir loti jutiga pret af§irigam elemerdrSinas \ertibam, kuras vielas dadiem
polimorfiem ir at&irigas. Intensiite difraktogramra var kit atkafiga af no parauga dawu
izmériem un morfolgijas, kas difraktogramm var radt nepareizu sigilu augstumu
attiedbu, ja pulverveida viela nav pareizi sagatavotaliatra (orienficijas efekts).
Orienfacijas efekts var novest pie nepareizas datu irg@g@as. Amorfas vielas
difraktogramma dod vienu platu sigiu [46].

Polimorfas formas to aidrigas kristliskas struktiras @] dod rentgendifraktogrammas
ar dazdam refleksu pomwxijam [1], kas vaiiku fazu maiguma lauj identifict individualas
polimorfas formas.

Pulvera rentgendifraktometrijas metode farmacditiskcietviehm visplagk tiek
izmantota &diem nerkiem [3,47]:

1) Polimorfo formu kvantitatvaja un kvalitaivaja anaizg;

2) Kristaliskuma pakpes un amosfk fazes satura noteikSan

3) Kristalisko fazu raksturoSanai tabbes;

4) Kristaliskas struktiras noteikSad) ja nevar izmantot monokriga metodi.
1.5.2. Termiska analize

lepriek$ tika migts, ka polimorfagm formam at¥kiras fizikalkimiskas ipagbas. So
ipabu at&iribu var viegli identifiét un raksturot, izmantojot termigk anaizes metodes.
Farmaceitisko vielu polimorfiem pie pESveiktagm anaizem var uzskait polimorfo formu
kuSanas temper@ats, relatvas stabiliites, fizu @areju enegijas noteikSanu, &af polimorfo

formu enantiotropisko vai monotropisko sisu identifiéSanu.
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Pie termisks anaizes metoém var pieskait metodes, kuis tiek nerita kada parauga
ipadba ki funkcija atkaiba no parauga tempefaas. KargSanas laik mainoties mateila
fizikalajam 1padbam, siltuma eneiija vai nu izdais (kristaliacija un oksidatva sadaiSaras
proced) vai absorbjas (kuSam, virSara, sublimicija, iztvaikoSag, desolvaicija, cietfazu
pareja, kimiska sadaiSaras proces) [3].

Diferencila termiska anaize (DTA) ir metode, kur parauga unisainaSanas kausus
kars uz viena sildelementa. Ar termop paidzbu fikss divas temperatas - pie parauga un
pie saldzinaSanas kausa. Dati tiek ieraksti ka parauga un smlzinaSanas kausa
temperairas starfbas funkcija no temperf@ats vai laika [48].

Diferencila skergjosa kalorimetrija (DSK) irloti lidziga metode &k DTA, bet ar spju
preazak kvantificgt siltumefektus. Ir aistitas divas DSC metodes: jaudas kompeijess un
siltuma ptismas metode. Jaudas komgeijas metod ir divi sildelementi, no kuriem katrs ir
kontaks ar parauga un gdkina3anas kausu. So elementu ka#Sanasatruma atgiribas tiek
kontroltas un naritas. Siltuma pismas metogl parauga un salzinaSanas kausg tiek
karsts ar vienu ka@sanas elementu un tiek éritas atRiribas starp parauga un
safidzinaSanas kausiem. Siltuma pismu apgkina, nemot \&ra kalibreSanas datus. apec
pirms § reAma izmantoSanagyeic aparatras korekta kalilacija. Siltuma plismas metode ir
mazk jutiga pret maam siltuma efekta izmaim, ka af dod mazk predzu G, un entalpijas
vertibu.

MériSanas procadiek iedits sigrals, kas ir rezulits siltuma plismas funkcijai atkaa
no laika (vai temperatas). Rezulita, integgjot laukumu zem iegja sigrala, iedist attietga
procesa vai frejas entalpiju [49].

Termogravimetriskaj anaizeé (TGA) fikse parauga masas izmpas temperatas
palielinaSanas (vai samazganas) laik. leditais rezulits sniedz inforraciju par gaistosSu
komponentu Kitbatni, vielas sada@$anos vai subliaciju [50].

1.5.3. Infrasarkana spektroskopija

Infrasarka@ spektroskopija sniedz infooiju par vieh esoSam funkcioralajam
grupam, ka af par starpmolekdtajam mijiedarbbam. Metode baldés uz to, ka paraugu
apstaro ar infrasarkano starojumujudao kura paraugs abseértSpektru var ied#l cetras
ddas: 1) 4000-2500 cih (X-H stiep$ans vibrcijas); 2) 2500-2000 crh (triskarso saisu
vibracijas); 3) 2000-1500 cih(dubultsaisu vikitijas) un 4) 1500-600 cihvielas spek#io
,pirkstu nospiedumu” r@ons. Reiona 4000-1500 cii svarstibas un stiepsas ir unikalas
noteikam funkcioralajam grumm, piengram, C=0, -OH, -NH. So ggonu viegli var

izmantot, lai identifitu vai at&irtu dazadas vielas. ,Pirkstu nospiedumu”giens satur
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informaciju par molekulas skeleta kegpm vibracijam, lidz ar to § apgabala sniegt
informacija ir daudz gitak interpregjama.

Infrasarka@ spektroskopija tiek izmantota ganin#s anakém, gan ar zinatniskiem
petijumiem farmaceitiski akto vielu anaizé. Ar §is samdra letas metodes palzibu fEta un
skaidro cietvielu strukiru, identific¢ cieto fzu maigjumu komponentus, raksturo
farmaceitiski alkivo vielas un pildvielu mijiedaib, nosaka vielas krigliskuma pakpi un
veic citus 1dzigus uzdevumus.

Infrasarkano spektroskopiju apvienojanar termogravimetriju var izmantot,&tot
farmaceitiski alkvo vielu sohatu desolvaiciju vai degradciju. lzmantojot infrasarkano
spektroskopiju, var viegli identifat temperairas ietekm izdalitos %idinatajus vai citas
gaistoSas vielas [50].

1.5.4. Augstspiediena rentgendifraktometrija

Augstspiediena rentgendifraktometrijas metode ipriekS aprakstas parasts

rentgendifraktometrijas metodes modifika, kur tiek lietots specialits parauga taétajs

(sk. 1.6. att. (a)) un uemSana notiek augsta spiediena @iss.

Spiediens

Dirganrs

Metila plaksne

Spiediens

(@) (b)

1.6. att.(a) - dazdi augstspiediena rentgendifraktometria lietotie paraugu turétaji (dimanta
Sianas ar goniometra “galvu”) [51]; (b) — augstspiediena kristalogifija izmantoto dimantu
uzbave [52]

MeériSana un datu pgstreSana notiek §c tieSi da paSa principa, ak parastdaj
monokristla rentgendifraktometidj bet ar specialitiem paraugu t@tajiem merijumus ir
iesejams veikt daZda spiedien, tadejadi iegastot daZdiem spiedieniem rakstigus &zu
kristaliskas strukfiras datus. dda veida iesggjams ieg@it strukiiras datus vielas polimorfiem
vai sohatiem, kuri atmosfras spiediem nav stabili, vai arkuru kristaliacija atmoséras
spiediem nenotiek, vai kristalizcija iegast monokrisilu difraktometrijas rarjjumiem

nepiengrotu krisalu [53].
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1.6. atéla (a) ir redzami dadi paraugu tutaji, kadus visbiezk izmanto
augstspiediena difraktometfrijParaugu t@tajs ir uzmonéts uz goniometra “galvas”. Pats
paraugu tustajs sasiv no 2 dimantiem (sk. 1.6. att. (b)), kuriem ir& 16 %autnes [51].

Dimanti ir simetriski un savstagp identiski. Dimants ir &das §inas konstresanai
piemerots matedils, jo tam pieisa rentgenstarojuma |ga garuma ir zems absorbcijas
koeficients (laimandM0 K,)=0.202 mni). Katrs no dimantiem ir ievietotsrauda cilinda ar
konusvei@gu caurumu. Frauda cilindrs ir ievietots berilija digk Berilija diski var it
dazdas formas, k tas ir redzams 1.6. aki (a). Berilija disk ir 3 vai 4 skiives, kuras
pievelkot, starp dimantiem tiek rasl paaugstiits spiediens. Starp dimantiem ir novietota
plaksrite, kurai vidi ir simetrisks ajveida caurums, kartiek ievietos paraugs ar i2éto
Skidinataju. Plaksnites var It izgatavotas no dada matedila, piengram, no volframa,

terauda vai kda cita sakawguma. Parauga tetaja uzkuve ir paadita 1.7. agla [51].

Skriive

AngiEa plaksne
Pamatne ar dimantu

Metila plaksne
Pamatne ar dimantu

Spraudnis

Apakigja plaksne

1.7. att.Augstspiediena parauga tugtaja shematisks atélojums

JapieZme, ka visi rezistretie refleksi neak no paSa parauga, jo gan dimants, gan ar
parauga tuitajs dod difrakcijas ainu. idz ar to pirms strukitas risiraSanas, veicot rga
parametru noteikSanu, Sie liekie refleksi ar datmypamna iebivetu algoritmu tiek izggti.
Tas iespjams, jo So refleksu po@ja un rakstuiga forma jau ieprieks ir zamas. Pieréram,
dimanta refleksi @is visinten®vakie no visiem detektajiem refleksiem, saviakt parauga
turetaja refleksi neias simetriski. Klasiskaj monokristla difraktometrif dati tiek iegiti no
jebkura krisila rakursa, bet augstspiediena difraktomettgs ir iespjams tikai 60° plat
atveruma no katras puses (kas ifisrreizes maik neka klasiskaj metod). S iemesla d|
nereti tiek iegts nepietiekams skaits refleksu, kagangatrisirat kristalisko struktiru [51].

Lai batu iesgjams noteikt spiedienu, akds tiek ra@ts ar skivju un iz\Eléta
hidrostatisk &idinataja paidzbu, tiek izmantots rubs, kas pirms parauga iepdnas tiek
ievietots piksrites caurura [54], un kura spiedienu nosakacprulina gaismas absorbcijas

vilpa garuma, ko pirms unép rentgendifraktometrijas &ijuma nosaka ar spektrometru.
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Rulinam atkaiba no spiediena ir lina vilna garuma nable, idz ar to, ja ir ziams rulina
vilpa garums noraos apsiklos, tad var atrast citam]ya garumam atbilsto3o spiediend. S
lineara sakatba saglafijas lidz 20 GPa, bet no 20 GRd4 pat 180 GPa tiek ndrota kvazi-
lineara sakatba [51,54].

Pirms veikt augstspiediena eksperiment@atrpd &idinatajs, kur attietgais
savienojums Igst (@rak augsta vai zemak®liba nav ¥lama). Palielinoties spiedienam,
vielas &idiba samaziis, jo savienojums lalx kristalizjas par cietm fazém. Tapat
janoskaidro pasa izmantogidinataja kristalizicijas spiediens, lai augstpiediea netiktu
iegati Skidinataja kristli. Popubrakie &idinataji ir adens, metanols un etanolss & to
maigjumi. Janem gan @ra, katdens kristalizjas jau pie ~1 GPa, kas samaziadigtoSanas
ies[ejas.

Augstspiediena rentgendifraktometriju izmanto 85,5

1) vielas jaunu polimorfo formu un saitw iegiSars;

2) spiediena ietekmnotiekoSu 4zu [@reju Nno\Erosan;

3) lai izvertetu spiediena ietekmi uz vielas striki un kristliska rezza parametriem.
1.6. Iz\eleto farmaceitiski aktivo vielu raksturojums

Darla petitas divu farmaceitiski akto vielu — ksilaza hidrognhlorida un zopiklona
(sk. attieggi 1.8. att. (a) un (b))aku parejas un s ietekngjoSie faktori. No 1.8. adta ir
redzams, ka to molekulu ue ir atkiriga, bet no termodinamiskiedola abu vielu hiditi
dehidragjas par metastabilu polimorfo formu, kura@lak pariet termodinamiski stalaka

polimorfaja forma.

(a) (b)
1.8. att.lzveleto farmaceitiski aktivo vielu struktiirformulas: (a) — ksilazina hidrogenhlorids, (b)
- zopiklons
Abam akivajam vielam gais stabikka forma ir hidats (zopiklonam — dihidits [33,57],
ksilazina hidrognhlonidam — monohidits [58]), bet paaugstite temperaira beZidens
forma (zopiklonam — A [33,57], ksilaza hidrognhlofidam — A [58]). Abu vielu
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dehidraicija no hidata veidojas termodinamiski metastabila polimiofbrma (ksilazna
hidrogenhloridam — X, zopiklonam — C), kura paaugstiniemperaira pariet termodinamiski
stabikkaja polimorfaj forma [33,57,58]. Detaligtaks abu vielu apraksts ir dots z&hn

1.6.1. Ksilazna hidrogenhlorids

Ksilazina hidrognhlorids ir veteriaraja prak€ nodefgs prepaits, kuru injekciju veid
izmanto lielo neprtikas divnieku (galvenokrt zirgu) anesizijai. Tas ir labs musKku
relaksants. T sapes remdosa un nomierinos iedarhiba saista ar centilas nervu sisimas
pasiweSanu. Muskiu atshbinaSana Saj gadjuma balstis uz nervu impulsu noikRSanu
centalaja nervu sistma [59]. Veteriraraja anestzija ksilaznu izmanto kombigicija ar
ketamnu. Informicija par to, & ksilazna hidrognhlornds iedarbojas uz ciéku, nav
pieejama [60].

Ksilazina hidrognhlorids ir balts vai gandz balts krisilisks pulveris, 3 kuSanas
temperaira ir 165-168 °C. Ta$oti labi &ist adernt, metanai un hloroforna, bet praktiski
nekist hekana unéteri [60].

Pec IUPAC nomenklatiras ksilama hidrognhlorida nosaukums iX-(2,6-dimetilfenil)-
5,6-dihidro-4-1,3-tiazn-2-anna hidrognhlorids [60].

Ksilazina hidrognhloridam ir ziramas cetras polimods formas, k af cetras
pseidopolimords formas (hidits, pushidits un divi soldti — ar metiénhlondu vai
izopropanolu). Statiika forma gaig ir hidrats. Cetras nesolvatas ksilazna hidrognhlorida
formas ir apmméetas ar burtiem A, M, X un Z [61].

No viam nesolvattajam ksilazna hidrognhlorida formam nestabika ir forma X.
Augstis temperatras stabiika ir forma A, bet zems — forma Z. Formas X un A veido
enantiotropisku polimorfo formu s&hu [61].

1.6.1. Zopiklons

Zopiklons ir farmaceitiski akta viela, kuru s sedato ipasbu ¢l izmanto bezmiega
arsteSara. Zopiklons ir balta, krigliska viela, kura labildst organiskosiddinatajos (piem.,
spirtos, un hlditajos %idinatajos), bet ne§ist idern. Ta kuSanas temperfat ir 178°C. Rc
IUPAC  nomenklairas zopiklona nosaukums ir 6-(5-hlorpiridin-2-iB4%-
metilpiperazinokarboniloksi]-7-okso-5,6-dihidropioe[3,4b]pirazns.

Literatira [33,62] ir aprakstas tis zopiklona kristliskas formas, kuras savstajp
at&iras ar rega parametruartibam un fizikalkimiskapm ipagbam. Paaugstigta temperaira
stabikka ir zopiklona forma A ar ortorombisko krigtezgi, bet mitruma ietek@ rodas
dihidrats (forma B), kam atbilst monaklais kristlrezgis. Formas B dehidratija rodas
bezidens forma C ar monakio krisglrezgi.
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Zopiklona krisslisko formu kristilrezga parametri, kuri ieggi no Kembridzas
strukfiru datu lazes, apkopoti 1.3. tatul

Polimorfo formu idzsvara apsklu petjjuma noskaidrots, ka forma C jeblkur
temperaira un relaivaja mitruma (RM) pariet forma A, Iidz ar to i ir termodinamiski

metastabila forma. Savalt, lai forma A neprietu formra B, RM ir jabat mazkam par

40% [62].

1.3. tabula
Zopiklona formu krist alreZzgu parametri
Zopiklona formas
RezZsa parametri A B C
Simetrija, Ortorombisk, Monoklina, Monoklina,

simetrijas grupa P2,2,2; P2.C P2c

a, A 5,567(3) 16,374(4) 15,2023(4)

b, A 8,852(2) 7,030(3) 7,1510(2)

c, A 35,677(2) 17,185(2) 17,6577(3)

B, ° - 108,62(1) 111,213(2)
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2. EKSPERIMENTALA DALA

2.1. Izmantotas iekartas un vielas

2.1.1. Pulvera rentgendifraktometrs
Izmantoti rentgendifraktometriBruker D8 Advanceun Bruker D8 Discover
(augsttemperatas @tijumiem) ar porias juigo detektoru LynxEye Izmantotie

difraktometru darba r@ni apkopoti 2.1. tabal

2.1. tabula
Bruker D8 Advance/ Bruker D8 Discover difraktometru darba reZima parametri
Parametri 1* 2%
Starojums CuK,
Anoda spriegums 40 kV
Anoda strava 40 mA
Ky filtrs 0,02 mm bieza ikela folija
Spraugas
Divergences, mm 0,6
Pretizkliedes, mm 8,0
Merijuma solis 0,02
SkaitiSanas laiks uz
soli s 0,2/0,5
UzpemsSanas intendls
9-25/10-16,6 3-19/3-19

20 skala, °

1'- ksilaZna hidrognhlorida cietfizu parejas @tijumiem:;
2'- zopiklona ciefzu mrejas @tijumiem.
2.1.2. Monokristala rentgendifraktometrs

* Augstspiediena @rjjumi  veikti, izmantojot KUMA KM4-CCD monokrisila
difraktometru (Adama Mickewa Universiité, Poznaa, Polija) ar MoKa (0.71073 A)
starojumu 296 K temper@at. Lai ieditu hkl indeksus, izmantoj&rysAlisPro 171.37.3]163]
programmu.

* Ksilazina hidrognhlorida formas A strukiras datu noteikSanai izmantolonius
Kappa CCD (Bruker AXS GmbH monokristla difraktometrs ar Mo-K (0.71073 A)
starojumu 173 K tempef@t. Lai ieditu hkl indeksus, izmantoj]@ENZO/SCALEPACK64]

programmu.
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2.1.3. Termiskas anaizes metodes
* DTA/TG analzes veica ~7 mg paraugiem &H Exstar 6000 derivatodifu. Darba

reZmi apkopti 2.2. tabal

2.2. tabula
Derivatografa darba reima 1 o
parametri
Sakuma temperatiira, °C 30
Beigu temperatira, °C 200 220
Atrums, °/min 10 5
Parauga turetajs aluninija trauci$

*- paraugiem pc meliniskas saspiesanas.

* DSK - kalorimetrs 823eMettler Toledd (A/S Grindeks). Izmantots alumja traucis
ar 0.5 mm diametra caurumu aggkausna Vacina. Paraugi ar masu ~7 mg tika uzkdrso
30 lidz 220 °C aatrumu 10°min™.

* Termomikroskops -Laborlux 12 PolS (Leit2 (Rigas Tehnisk Universigte)
polariacijas gaismas mikroskops ar regiama karg8Sanasatruma sildvirsmu. Kagsanas
atrums 5°-mift. Procesa kontrolei izmantojaFC450 (Leica) digitalo kameru arLeica
Application Suitgprogrammu.

2.1.4. Citas ielartas

* Hidrauliska spiedprese — maksitais spiediens 25 tonnas. Presforma — diametrs 13
mm.

* Vibro-lodiSu dzirnavas — razg)s Retsch GmbHGermany; modelis Retsch MM301
maksinala frekvence 30 Hz, parauga &tija tilpums — 5 ml, izmantotas divas nsgjo%a
terauda bumhias ar 0,9 cm diametru.

* Mastersizer 2000 MAL 102023azera difrakcijas analizators (A/S Grindeks),
izmantots dhngu lieluma sada@juma nerijumiem. Lazera stara garums: 10,00 mm, si§aihas
laiks 3000 ms, @rfjjuma diapazons: 0,020 — 200460.

* Infrasarkanais spektrometrs — rastPerkinElmerar univeralo ATR (attenuated
total reflectior) parauga tutaju. Pirms katra @rjjuma uzem fona spektru. Izmanto pulvera
paraugu, kuru novieto uz dimanta ATR kilat Spektrs ugemts 4000-650 cthrobeZs ar
2 cm® iz&irtspaju, katrs spektrs ierakiss 16 reizes.

» Gaisa termostafglemmert Universal OveNr. 32881£0,5 °C temperata.

* Organisk stikla bokss — relatais gaisa mitrums (RM) < 5%, ko uztur ar koncentr

serskabes &idumu.
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2.1.5. Vielas

* Dejonizts udens - dejonis laboratorij ar Adrona Crystal 5 ieftu,
elektrovadtspsja <0,3 uS.

* |zopropanols - razots Eiropas Savle anaitiski tirs, izplattajs SIA ,Enola”.

» Hloroforms - raZots Eiropas Saviea, anattiski tirs, izplattajs SIA ,Enola”.

» Dihlorme&ns - razots Eiropas Saviba, anattiski tirs, izplaitajs SIA ,Enola”.

* Metanols - razots Eiropas Savikbsy anaitiski tirs, izplaitajs SIA ,Enola”.

* Litija bromids — Sigma-Aldrich,ittba>99%.

* Litija hlorids — Sigma-Aldrich,ittba>99%.

» Magnija hloids — Sigma-Aldrich,ittba>99%.

» Fosfora pentokss - raZots Eiropas Saviea, anaitiski tirs, izplaitajs SIA ,Enola”.

» Saharoze — izcelsme no komélicpieejamiem avotiem, izmantots bezia#anas,
rentgendifraktometriskiits.

» Kalcija karbonts - izcelsme no komegdi pieejamiem avotiem, izmantots bez
attiriSanas, rentgendifraktometriskist

» Magnija steaits — piegdatajs A/S “Grindeks”, farmaceitiskis.

» Kalcija steatits - pie@datajs A/S “Grindeks”, farmaceitiskiits.

» Laktozes monohidts - piegdatajs A/S “Grindeks”, farmaceitiskits.

e Celuloze - piegdatajs A/S “Grindeks”, farmaceitiskiits.

* Polietilena pkEve — biezums 1Qm.

» Ksilazina hidrognhlorida forma H - razota A/S ,Grindeks” aribu 99,9%.

» Zopiklona forma A — razota A/S ,Grindeks” aribu 99,9%.
2.2. Paraugu sagatavoSana
2.2.1. Ksilaana hidrogenhlorida formu iegiSana unin-situ kinéetikas pettjumi

No A/S ,Grindeks” saemtajam ksilaina hidrognhloida paraugam wzma
rentgendifraktogrammu, lai apaudtu parauga sastu. Saemtais paraugs bija
rentgendifraktometriskiita forma H (komeraiais paraugs). S&mto paraugu izmantoja, lai
iegatu tiras ksilazna hidrognhlorida kristiliskas formas.

formu H - komerdilo paraugu piest apstadajot ar dejoniztu tdeni kdz pastas
konsistencei un tad berzoiglz ieguva sausu pulveri.

formu H (mrkristalizetais paraugs) — samto komerdilo paraugu prkristalizéja no
etanola un etilacata maigjuma tilpuma attieda 1:1. Rc visa ksilama hidrognhlorida
izskiSanas paaugstita temperaira iegito maigjumu atdzega lidz laboratorijas

temperairai. Rc nogul®u paadiSaras kidumu nofilt€ja un iegitas nogulsnes izxgja.
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formu X ieguva, formu H § apstides piegt ar dejoniztu adeni izturot aptuveni 24 h
40 °C temperatra.

formu A — jebkuru ksilazna hidrognhlorida kristilisko formu iztur ~ 2 dienas 100 °C
temperaira. Formas A monokrigtus ieguva, piegtinatu ksilaazna hidrognhlorida etilaceita
Skidumu Eni iztvaicgjot 50 °C temperata.

formu Z — Apstidajot formas A vai X piest ar sohatus neveidojoSulddinataju lidz
pastas konsistenceie®tam ie@to pastu berzajdz izveidojs sauss pulveris.

formu M — Apstadajot formas A vai X piestar metienhloridu lidz pastas konsistencei.
Pec tam ie@ito pastu berzajdz izveidojis sauss pulveris. latp pulveri 24 h iztugja sausa
organisk stikla boka.

Par paraugairibu prliecinajas pec uzmemts difraktogrammas, kuru sdkinaja ar
literatiira pieejamam ksilazna hidrognhlorida kristlisko formu rentgendifraktogramam
[61].

Ksilazina hidrogenhlorida formas X parejas par formu A pétjumi in-situ reama.
Formu X iepregja neisgjosa terauda parauga ttja, kuru ievietoja siltumkamaey kura bija
uzmontta uz pulvera difraktometrdiscover Eksperimentu veica no 8Gdt 105 °C
temperairai ar soli 5 °C / rarfjums, katd merjjuma sagatavojot jaunu paraugu. fdma
rentgendifraktogrammu, pie fiks laika neprtraucot parauga kaSanu. Kati temperairas
punk&é eksperimentu turpija tik ilgi, kamer ieguva tru formu A.

2.2.3. Zopiklona formu iediSana

No A/S ,arindeks” saemtajiem zopiklona paraugiem  n&ma
rentgendifraktogrammas, laagpaudtu paraugu sastu. Saemtie paraugi parasti saja
rentgendifraktometriskittu formu A, bet dazreiz aformu A un B maigumu. Saemtos
paraugus izmantoja, lai pagatavaras zopiklona krigliskas formas.

Formu B - komerdlo paraugu apsidajot piest ar dejoniztu tdeni kdz pastas
konsistencel. legjo pastu atgja laboratorijas gaisnoit.

Formu C — izturot formu B 1-2 dienas 40 °C tempe#at

Formu A - izturot formu C vai B paaugsita temperaira (parasti virs 100 °C).

Par paraugairibu arliecinas, umemot difraktogrammu, kuru gdkina ar literaira

pieejanam zopiklona krisilisko formu rentgendifraktogramam [33].
2.3. Ksilaazna hidrogenhlorida paraugu sagatavoSana cietku parejas
H—X—A pétijumiem un eksperimenta gaita

Visiem paraugiem g to sagatavoSanas eksperimentam nenma

rentgendifraktogrammas, fiedu skait 2.1. tabud.
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Temperatiiras_ietekme. Eksperimentam kagpsagatavoja 8 paraugusirut formu H

(leguta, piesi apstadajot komercilo paraugu ar dejonttu tideni), tru formu X, & af sesus
formu X un H maigumus - katrai temperatai (70, 80 un 90 °C). Majsimu sastvus noteica
péc umemtapm rentgendifraktogramam, izmantojot pilna profila metodi (apraksts 2.11.
nodda). Pirmo difraktogrammu wZma [Ec paraugu izt@Sanas 30 miites eksperimenta
apstklos. Rc tam, atkaba no @arverSaras pakipes, unéma difraktogrammu pie fiksa
laika. Paraugus izteja tik ilgi, kaner ieguva tru formu A.

Pargjos eksperimentus (lai noskaidrotu refatgaisa mitruma, parauga saberSanas un
melaniska spiediena ietekmi) veica 80 °C temparat Pirmo difraktogrammu uZma [&c
paraugu iztaSanas 30 miites eksperimenta apkios. Rc tam, atkaba no parvérSaras
pakapes, upéma difraktogrammas pie fik& laika. Paraugus izttja tik ilgi, kamer ieguva
tiru formu A.

Relativa_gaisa _mitruma_ietekme. Sagatavojaitu formas H paraugu katram raiat

gaisa mitruma eksperimentam. Paraugus ievietojaC8@mperatra pie ~0, 5, 10 un 15%
relaiva gaisa mitruma. Lai nodrogitu 0% relaivo gaisa mitrumu, izmantoja,®s, 5%
relatvajam gaisa mitrumam — piatu LiBr skidumu, 10% relavajam gaisa mitrumam —
piesitinatu LiCl skidumu, bet 15% relato gaisa mitruma nodrodija ar 64% 8rskabes
Skidumu.

Parauga malSanas efekts.Tiru formu H - gan komergio paraugu, gan ar

parkristalizéto paraugu - ievietoja vibro-l@lu dzirnavu parauga @i#ja. Parauga malSanas
frekvence bija 15 Hz. Paraugi tika malti 2, 10,n6@ates, katru reizi §c katra malSanas cikla
paaemot eksperimentam nepiecieSamo parauga daudzuanaud? tika malti laboratorijas
temperaira (22+2 °C). Parauga thja temperatra malSanas laik netika kontraita.
Komercilo nemalto formu H un 60 miites malto parauguapbaudja uz parauga diau
lieluma sadajumu.

Mehaniska spiediena ietekmeTiru H formu — gan komeralo, gan ar parkristalizeto

paraugu saspieda nagtiska, manula spiedpres ar 74.8, 114 un 225 MPa lielu spiedienu.

legato tableti izjauca piestun ieguva atpakaulvera vielu.
2.4. Ksilazna hidrogenhlorida paraugu sagatavoSana cietfu pareju Z —A
un M —A pétijjumiem un eksperimenta gaita

Temperatiiras ietekme.1) Paraugus ievietoja gaisa termas&@, 100, 110 un 120 °C

temperaira un atkatba no arverSaras pakipes (bieik pie augsitkas temperaras) uneéma
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difraktogrammas pie fikéa laika, lai noskaidrotu parauga sast parejas lailki. Paraugus
izturgja tik ilgi, kamer ieguva tru formu A.

2) In-situ mérjumi — sagatavotos paraugus iepfasnefstjosa térauda parauga
turetaja. Sagatavoto paraugu ievietoja slahas kamernoteiké temperaira (100, 105, 110,
115, 120 un 125 °C) un atkb& no garverSaras pakipes unema difraktogrammu pie fiksa
laika, neprtraucot parauga ka%anu paaugstita temperaira. Paraugu izt@a tik ilgi,
kanmer ieguva iru formu A.

Parauga saberSanas_ietekmeParaugu piestsaberza 2, 6 un 10 niites, & an

eksperimentam sagatavoja neberztu katras formamugar BZu pareju no formas M uz
formu A veica pie 90 °C, betiZu mreju no formas Z uz A veica 100 °C temperat
Atkariba no parverSaras palkipes unéma difraktogrammu pie fik$a laika, lai noskaidrotu

parauga sadtu parejas laiki. Paraugus iztéja tik ilgi, kamer ieguva tru formu A.
: : o . . +Z
2.5. Ksilazna hidrogenhlorida paraugu sagatavoSana cieizu pareju X —A

+M
un X—A pétfjjumiem un eksperimenta gaita

Temperatiiras_ietekme. Eksperimentam sagatavoja formu Z un X, &1 M un X

maigjumus daZdas attiegbas. Paraugus pagatavoja, Eagajaucot formas Z un X vai M un
X, ta lai formas Z vai M btu apngram 5%, 10%, 20% un 40% no paraugadi@gp masas.
Masu attietbu kontroEja ar laboratorijas svariem. PTeg maigjuma sasivu noteica pc
uzmemés rentgendifraktogrammas, izmantojot pilna profilaetodi. Eksperimentam
sagatavoja artiru X formu. Eksperimentu veica 70, 80 un 90 °C terapira. Atkariba no
parverSaras pakapes difraktogrammu wZma fiksta laika momers. Paraugus iztéja tik
ilgi, kamer visa forma X forma frgaja par formu A

2.6. Zopiklona paraugu sagatavoSana cigtzu parejas C—A pétijjumiem un
eksperimenta gaita

Temperatiiras _ietekme. Eksperimentu veican-situ reaZzma — sagatavoto formas C

paraugu iepré&ga nenscjosa térauda parauga tethja un ievietoja siltBanas kameartam
paredztaja viet pie noteiktas tempei@as. Eksperimentus veica 95, 100, 105, 110, 115 un
110 °C temperata.

Relativa gaisa mitruma ietekme.Eksperimentu veica 80 °C tempeirat0%, 5%, 10%

un 26% relawaja gaisa mitrura. Lai nodroSiatu 0% relailvo gaisa mitrumu, izmantoja®s,
5% relatvajam gaisa mitrumam — pisatu LiBr kidumu, 10% relavajam gaisa mitrumam
— piegtinatu LiCl skidumu, bet 26% relato gaisa mitruma nodrogifa ar piestinatu MgCl,

Skidumu.
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Parauga saberSanas ietekmd=ormu C saberza 2, 4, 6, 10 un 15 ftés alta piesi

un iepresja stikla parauga tataja. Eksperimentu veica 80 °C tempéairat

Paraugi kamdi tik ilgi, kamer radais ira forma A. Atkaiba no arvérSaris pakipes
uznéma difraktogrammu fik&a laika momert, lai noskaidrotu parauga saat parejas laik.
Parauga sa®tu noskaidroSanai izmantoja Ritvelda metodi.
2.7. Zopiklona paraugu sagatavoSana ciegitu parejas B—C—A
pétfjumiem un eksperimenta gaita

Temperatiras _ietekme. Sagatavoja kopuin 6 paraugus katram tempenats

eksperimentam iru formu B, tru formu C, k& aif ¢etrus formu B un C maisimus. Formu B
un C maijumus ieguva, piestdaZdas attiegbas sajaucot formas B un C. Masas athec
kontrokja ar laboratorijas svariem. Mgismu sastvus noteica § uzmemtapm
rentgendifraktogramam, izmantojot Ritvelda metodi. Eksperimentu vei€a 80 un 100 °C
temperaira.

Relativa gaisa mitruma ietekme.Sagatavoitu formas B paraugu katram ralat gaisa

mitruma eksperimentam. Eksperimenti veikti 80 urf@demperatra; 0%, 5%, 10% un 26%
relatvaja gaisa mitrura.

Parauga samalSanas _ietekmeVeikts eksperiments, izturotra formu B 80 °C

temperaira. Pirms eksperimenta forma B tika malta 2, 10, @i minites ar malSanas
frekvenci 15 Hz. Paraugi malti 2, 10, vai 60 oies, katru reizi ¢ malSanas cikla pamot
nepiecieSamo parauga daudzumu eksperimentam. MalSprocess veikts laboratorijas
temperaira (22+2 °C). Parauga thjos temperaira berSanas laik netika kontraidta.
Eksperimentam sagatavoja 1amemaltu B paraugu. Visiem paraugiem n&ma
difraktogrammas un derivatogrammas.

Pirma difraktogramma ugzemta @c 30 mirisSu iztugSanas eksperimenta apdbs. Rc
tam, atkaiba no parverSaras pakipes, unem difraktogrammu g fikséta laika. Paraugus
izturgja tik ilgi, kaner ieguva tru A formu. Paraugu sastu noteica, izmantojot Ritvelda
metodi.

2.8. Ksilazna hidrogenhlorida un zopiklona paraugu sagatavoSana, lai

noskaidrotu pildvielas ietekmi uz fizu parejas atrumu
Eksperimentam izmantoja seSas pildvielas, kuraplasi lietotas Zu razoSam —
magnija un kalcija steatu, laktozes hiditu, celulozi, kalcija karbattu un saharozi.

Farmaceitiski aktivas vielas termiskoipa3bu stabilitates atkariba no pildvielu

veida un daudzuma. Lai noskaidrotu farmaceitiski akb vielu stabiliiti atkafba no

pildvielu veida un daudzuma, izmantoja DTA metdtksperimentam sagatavoja maimus
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no 30, 50 vai 70% akitas vielas un pildvieim. Masas das kontratja, izmantojot anatiskos
svarus. Paraugusep vielu samaiSanas svergrés homogeniga apngram 1 mirti.
Maisijumiem uzéma derivatogrammu un IS spektrus atbilstoSi 2.Pulia noraditajiem
parametriem.

Pildvielu daudzuma ietekme uz #7u parejas atrumu. Eksperimenti veikti 80 °C

temperaira. Sakuma paraugam (formai X vai C) zZimos daudzumos piejaucakpildvielas

— kalcija karboatu, cukuru, laktozes monohidu, kalcija steatu, magnija steatu vai
celulozi. Eksperimentam sagatavégtrus paraugus ar pildvielu piejaukumu (30%, 50% va
70%) un tru formu X. Masas da kontrokja, izmantojot analiskos svarus. Parauguscpabu
vielu samaiganas svergkes homogeniga apngram 1 miriiti. Atkariba no parversaras
pakapes, @gc fikseta laika unéma difraktogrammas. Paraugus izfartik ilgi, kamer forma X
pilniba parvértas par formu A.

2.9. Augstspiediena ptijumi

Monokristlu iegaiSanai izmantoja metanolu, hloroformu vai izoprodanpagatavojot
piesitinatus ksilazna hidrognhlonda %idumus, kuru iepilja sagatavat dimanta 8na
(shema ir paddita 1.7. a@la). Plksrites cauruma diametrs — no 0i@zl 0,5 mm, mateils —
volframs vai dzelzs sakatjams. Sina ievietots af rubina monokristls, kuru izmanto
spiediena kontrolei. & &iduma iepildSanas &na to ar skiivju palidzibu nostdza. Palielinot
spiedienu, Kiduma tilpums samazifas un viela 8ka kristaliZties.

Sina paaugstifja temperatru, lai izveidojusies krigti iz&kida un tika iegts viens
monokristls. Lidz ko palika viena krigta aizmetnis, temperata tika Enam samaziata.
Temperairas samazisanas laik kristals [eni un vienngrigi auga. legstot pietiekami lielu
un labas kvalittes kristilu, dimanta 8na tika nonerits spiediens un i@d kristala struktiras
dati (umemsSanas r@ns noadits 2.1.2 nod@). Pec struktiras datu iegSanas spiedienu
palielinaja. Pie katra spiediena kritam ieguva jaunus strukfas datus. Spiedienu paliedja
tik ilgi, kamer izveidops polikriséliska masa, kas tragja struktiras datu iegSanai (hidatam
Iidz 0.60 GPa, Z formaidz 0.2 GPa, solitiem lidz 1 GPa).

Pec strukfiras datu iegSanas arCrystAlisPro programmu veica rga parametru un
atbilstoSohkl indeksu meldSanu, izsldzot dimanta un parauga &tija dotos refleksus.de
atbilstoSo rega parametru atraSanas @Rkl indeksu iegSanas arOlex programmas [65]
palidzibu pec tiedis metodes atrisiija kristala struktiru. Struktiras optimizSanai izmantoja

mazko kvadatu metodi.
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2.10. Datu apstade

2.10.1. Kvantitaiva sastiva noteikSanas metodes

Pilna_profila_ metode. Ar S0 metodi analiga nevis paraugaakla atsevika refleksa

intensitti, bet gan visu difraktogrammu kopanmepiecieSamas gaguma veicot noldi pa
20 skalu. Tro formu un eksperimeflb paraugu rentgendifraktogrammasryeidoja no
*raw datnes par-.uxd datni ar programmuRaw File ExchangeTeoktiski iesgEjamas

intensitSu skaitlisls \ertibas apgkinaja pec (2.1) vieadojuma:

lieor = QU W, +1, TA-W)), (2.1)

kur leor — teoEtiski aprkinata intensitite, imp/s; Q — normaliijas koeficients (id&a

gadjuma jabat 1); I, I, — eksperimenti noteiktas intensiites, imp/s; W W, — masas da
paraug, %.

Aprekinaja eksperimenti noteikto un teagtisko refleksu intensiu starfbas kvaditu
pec (2.2) vieadojuma:
— 2
Al _(Iekp_lteor) ’ Z)Z
sumngja refleksu intensiSu starpbas kvaditus un arExcel paigprogrammuSolveriegito
summu minimizja, ka optimizZjamos parametrus izlotiesQ unW.

Ritvelda _metode. Kvantitaivas anaizes metode, idkuta programmas pak

Topas 4.2 [66]. Bmetode izmanto mako kvad&tu metodi, minimizjot funkcijas summu:
1

| eksp?
i

WSS D w (15" 1), w = (2.3)

kur |- eksperimerilli noteikta intensitite difratogramra, | - apgkinata intensiate, kur
tiek izmantoti vielas struktas dati.

St metodepem \era ne tikai strukiiras datus, bet ganidona paélumu, teksiiru, reZa
parametrus, rentgenstara intefitgit difraktometra geometriju un citus raksturojoSos
parametrus [47].

2.10.2. Ciethzu parejas eksperimentliem datiem atbilstoSo literatira aprakstito
kinetisko moddu atraSana

Linearizacijas_metode - lai atrastu meinismu, [gc kura notiek apskafis cietbzu

parejas, eksperimeflbs punktus akuma modetja ar literatira apraksitajiem Kkirgtikas
viemadojumiem [20,35]. Eksperimeilbs datus a#loja koordiratés f(a) - t, ka rezulata
modei, kurS vislalk apraksija eksperimentos datus, ieguva taisni. [2ngjot gan
korelcijas koeficientu, gan eksperimelwt punktu izkliedi no linearigas liknes, iz@rteja
labako sakritbu. Parasti atlag 2 — 3 labkos kirgtiskos modaus.
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Eksperimentalo _datu aprakstiSana ar_teoktisko kinétisko likni — Saji stadip

eksperimerilie dati bija koordi@ates a-t, kur teogtisko parverSaras pakipi atkaiba no laika
aprkinaja pec teoktiska matenatiska modda, kurs tika izeléts linearizacijas metod. Lai
iegitu nepiecieSamo apverSaras pakipi, optimizja matenatiskag modet ieklauto atruma
konstanti; tika minimigta summa, kuru idgpt saskaitot &tibas starp teétisko un
eksperimeriio parverSaras pakipju starpbas kvaditiem.

2.10.3. Aktivacijas enegijas aprekinasana

Modelu metode.Sakuma atrod cietiZzu parejas raksturojoso kétisko modeli, kagau;

aprkinat atruma konstanti. lagstot vaifikas atrumu konstantes pie dadam temperatram
un izmantojot (1.58) vierdojumu, apgkina aktivacijas enegiju, vai af atliekot koordiates
Ink-1/T var iedit aktivacijas enegiju, dalot taisnes virziena koeficientu ar uniaosgazes
konstanti.

Bezmoddu metode. S metode pamatojas uz to, ka nav nepiecieSamag atesfsZu

parejas raksturojoSo kaétisko modeli, jo nav nepiecieSams izmantituma konstanti.
Izmantojot Kkdu citu parametru un izoteataja vai ne-izoterralaja reAma attieagi atliekot
koordirates -Int-1/T (t — laiks, T — temperata) un log-1/T, no taisnes virziena koeficienta
var apekinat aktivacijas enegiju [20]. Pedgjo reamu var realizt, izmantojot DTA vai DSK
metodi hidraicijas vai dehidracijas procesam.iSnetodelau;j iedit aktivacijas enegiju fazu
parejai, kurai ir gfiti atrast atbilstoSu cieéitu arejas raksturojoso kétisko modeli.
2.10.4. KristalreZzga eneugijas aprekinasana

Vielas kristlrezga enegijas \ertibu iediSanai tika izmantota pusemgka PIXEL
metodol@ija programma CLP. Izmantotie emijpiskie parametri ir naiditi literatira [67].
Aprekiniem nepiecieSaas atomu pokijas tika iedgtas, izmantojot standart@ETCIF un
RETCORmModuli. Molekulu elektronu brums tika apgkinats programra Gaussian 0968]
ar MP2/6-31G(d,p) dzes funkciju komplektu un standarta gazparametriem, kondeasjas
limen 4 un ar agkinu cutoffvertibu 35A.
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3. REZULTATI UN TO 1ZV ERTEJUMS

3.1. Metodikas pilnveidoSana ciefzu parejas aprakstiSanai, kas paredz
atseviku aizmetpu veidoSanos un to augSanasatruma konstanSu
aprekinasanu

Tadas metodikas izgie, kas dotu iegju cietfazu parejas procesam noteikt gan
aizmehu veidoSalas, gan ar augSanas stadijagruma konstantes, a@e jau izstidajot
bakalaura [69] un nggstra [70] darbus. Sajdarta & metodika tika pilnveidota un apreta,
aprakstot vaitku fazu pareju kinetiku.

3.1.1. Metodikas matenatiskais pamatojums

Bija nepiecieSams izveidotadus vieadojumus un izsadat to atrisiraSanas
paaémienus, kadautu apgkinat divas atsevigasatrumu konstantes aizmgt veidoSaas un
to augSanas procesienadh veida divu fazu savstargja pareja:

os)~Ps)

tiek apskata ka divstadiju process, lai gan faktiskais stadijuitskgar it an lielaks,
piengram, k& atsevigas stadijas varth molekulu desorbcija noapveidojanis fazes, parnese
uz jauras fazes augSanas vimh, ieauSaAds jauras fazes krisiliskaja stukiira, u.c.
Farmaceitiski akvas cietvielas parasti irildispersas un ir kompakstvokli. Piegemot, ka
jauras fazes krisils var augt uz visu apkiesods izejas dzes krisilu rékina, gEtamajam
paraugam var piegnot neprtrauktas vides nosgomus. Taslauj izskgt no apskasanas
gadjumus, kad aizmeti veidoSaas notiek uz izejasakes submikrokrigtu virsmas vai
tilpuma, ka aif norobezZoties no augSanas frontesibag viel atsevi§a submikrokrisila.

Savukirt augSanas fovérSaras) atruma samaziBaras uz augoSasazes krisilu
savstarpjas saskarsas r€kina tieknemta \&ra, augSanastrumu izsakot atkapa no atlikuss
fazes masas ¢&s.

Piedivatais melanisms paredz jaunu aizrmpet veidoSanos vis parvérSaras gaiti
atlikuSaj izejas formas masas ldalaika t. Tapeéc vieradojumu (1.1) var aizsdt ar &du
vienadojumu:

= = kW (0), (3.2)
kur N —aizmetu skaits;t — laiks; k — aizmetiu veidoSaas atruma konstante}, (t)— sskuma
fazes atlikusmasas da laika t.

Piepemot, ka aizmeu augSanasatrums ir izotropisks un proporcials fazu

robezvirsmas laukumam, pie naaz parvérSaras pakipes rtitbam fazu parejas atrumam

jabut proporcioalam visu augoso aizmai koggjam virsmas laukumam, lai gart @ie mazas
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parvérSaras pakipes augoSie jads fazes krisili var saskarties. lespamiba, ka divi augosi
aizmeti saskarsies un saskaress biokes viens otra augsanu, pieaugizlar @rversaras
pakapes palieliasanos. ida saskares zona pieaug, palielinotimsgSaras pakipei 3, un to
var raksturot ar atliki$ masas da a. Procesa kagjo efektu apraks$anai izveidots (3.2)
viemadojums:

dM

e k.S, (1), (3.2)

kur M — augoss fazes masa,Sﬁ - augo#s ddinas virsmas laukums3)V, - izejas fizes

masas da, p — empiska konstante, kura apraksta &iskos apsiklus, kadp fazes augoSie
aizmehi sak saskarties,ilz ar to prejas saskarzonas laukums paliginun atrums
samazigs.

Lai nowertétu visu daida izneéra ddinu ieguldjumu kogja augoss fazes virsmas

laukure, apskatsim augSanas dinamiku vienailiaai, kura ir izveidojusies laikr:

‘jj—rt“ =k, s,W (1), (3.3)

Si-vienas dénas virsmas laukums.

Izsakot sgriskas augoSas tiaas virsmu laukumu atka#oa no @as biivuma un masas,
iegust:
dm

= k, (m, (t))%°*W, ° (1) (3.4)

Veicot (3.4) vieadojuma integgSanu, var iegt sekojoso vieidojumu:

t
mY/3 k—32.|'WL7 P (t)dt +const (3.5)

Vienadojums (3.5) raksturo viena aizmatf kurs ir izveidojusies laikz, masu laik t.
Aizmetna augSana akas tad, kad aizmetnis ir sasniedzis masy Tas lauj noteikt
viemadojuma (3.5) integSanas konstantiakm=m, pie t=r; tadepadi iegastot vieradojumu
(3.6), kuru ilak parveido par (3.7).

1.0ra

0.5

At

T i
Laiks

3.1. att.CietfaZu parejas dinamika lenas aizmefu veidoSaras o —f) gadjuma [70]
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Attela 3.1. arz ir apamets laiks, kad veidojas stabkias formas [§) aizmetnis. Laika

intervala At not lidz t aizmetnis aug, un augSanas dinamiku apraBsta\(ieradojums.

=§2j P (t)dt-+my”® (3.6)

Moy =M, ( :m,”?’ jw (t)dtj (3.7)

Vienadojuma (3.7) lielumus ky/m,”® apvieno un apgme ka konstantiK,, iegistot
viemadojumu, kurS raksturo aizmet augSanas dinamikuggtkai ddinai laika interdla At.
Lai iegatu visu laika intergla At izveidojuSos aizmet ieguldjumu B fazes masas pieaugéam

laika t, nepiecieSams (3.7) viathojumu reiziat ar (3.1) vieadojumu:

dM(t,7) = klnk[l+%jwap(t)dtJ W, (r)dr (3.8)

Lai apekinatu visu kopgo masas da 3 fazei, kura radusies laika inteitd no 0 idz t,
(3.7) vieradojumu integg, iegistot (3.8) vieAdojumu, kud konstanSu reizijumu kymy
apvieno viea konstant Kj:

1-W, =g = '[dM(t)—K j(1+ jw P(t)dt] W, (r)dr (3.9)

legita viemadojuma anatiskais atrisigjums nav ziams, &pec @ risinasSars izmanto
Runges-Kutes skaitligk risiraSanas metodi.
3.1.2. Aprekinu metode vieradojuma atrisinasanai

Lai skaitliski atrisiratu (3.9) vieadojumu, tika ieviesti (3.10) un (3.12) viaojumi,
kuri apraksta aizmeti veidoSanos un augSanuakBma nosagumi - Wyt=0=1 un katram
aizmetnim gkotngja masa ir rg. Sajos vieadojumosAN aizstj ar AM/me, jo AM = AN-m,
iegastot:

AM = K, W, (t)At (3.10)

kur AM ir kopgja aizmetu masa, kas izveidag laika spidi At un laika z. Vienadojuna (3.4)
tiek ieviests bezdimensials lielums Znemot \&ra sakatbu, kaZ = m/m,, kaslauj iedit

viemadojumu (3.11):
AZ =K,Z,_ W, P (r)At (3.11)
Bezdimensioalo lielumuZ laika t var apekinat:

2, =7, +I

(3.12)
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Abu lielumu (M un Z) apgkinus var veikt, izmantojot divas nosts matricas A un B
(sk. 3.1. tabulu), no kam pirma patida aizmeiu veidoSaas daudzumu, kas ainats ec
(3.10) vieradojuma, un o#& at€lo augoSa aizme& bezdimensidito lielumu Z, kas
aprkinats pec (3.11) vieadojuma. Katra nos@a matrica satur i rindas (sanuratas no 1

Iidz z) un j kolonnas (sanun@t@s no 1idz z), un abas atb laika pieaugumu.
3.1. tabula

Shematisks atélojums aprekinu tabulai, lai iegiitu aizmetpu veidoSaras un augSanasatrumu

konstantes
Matrica 1A Matrica 2B

Ji 1 2 3 z J| 1 2 3 z
1 AM1 0 0 0 0 1 Z1; 0 0 0 0
2 AM1 | AM, 0 0 2 Zip Z; 0 0
3 AM; | AM; | AM3 0 0 3 Zi3 Z33 Z33 0
AM1 | AM; | AMg 0 Zy. | Zo. | Zs. 0
z AM1 | AM | AM3 | " | AMy | z Z1; Zy; | Zs; Z,;

Nosadtas matricu €rtibas apfkinos maias tad, ja maing uni Vvértibas. Mainotj
mairas z, bet mainot mairast. Katra 1A. tabulasta tiek aizpil@a ar nosagumiem:

1) AM)=0, jaj>i

2) AM¢j= (3.10) vieradojums, jg=i

3) AMij=AM(1)), jaj<i

Katra 1B. tabulasiha tiek aizpildta ar nosagumiem:

1) Z;»=0, jaj>i

2) Zip=1, jaj=i

3) Zip= (3.11) vieadojums, jg<i
ParverSaras pakipe tiek iegta no vieadojuma (3.13):

1-W,, =M, :JZ_;,(AM ) [Z(i,n) (3.13)

Lai atrastuK; K, un p konstantes, izmantoja n&o kvadétu metodi Excel Solver
programna. Optimizja konstanteXK;, K, un p, minimiz&jot kvadiatu summu stafbpam,
kuras ie@tas starp eksperimeatdjiem un teogtiskajiem datiem. Metodikdauj iedit divas
atrumu konstantes, no kim atsevigi var spriest par aizmgll veidoSaAs un augsSanas

procesiem.
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3.1.3. Metodikas izmantoSana cieizu parejai un ta sakdzinaSana ar Avrami-
Jerofejeva un Kardeva vieradojumu

Izstradato metodiku (ar paZstamu kK CNNG meflanisms, s#@inagjuma no the
combination of nucleation and nuclei growth proesssizmmanto eksperimeilb datu
raksturoSam ka afn saidzimajumam ar datiem, kas ieg ar citiem cietfizu kingtiskajiem
moddiem, balsitiem uz fdzgiem pie@eémumiem. Sim ptijumam tika iz@léta ksilazna
hidroggnhlorida formas X preja par formu A, kurai mastra darba [70] ietvaros tika
noskaidrots, kaatnotiek Ec aizmehu veidoSanos un augSanas arebma. Rreju ieteknd
relafivais gaisa mitrums, parauga saberSana unamekais spiediens. Dadu ciethzu
kingtisko modéu saidzinaSanai izmanto kigtiskos datus, kuri iegi 70 °C temperatra 15%
relatvaja gaisa mitrura.

Izmantojot lineariacijas metodi, noskaidroja ka eksperinaiet punkti g(e)-t
koordirates fazu parejai no formas X par formu A deva viskkio sakritbu ar Avrami-
Jerogjava (A) un pakpes likuma (P1/2) viedojumu teogtiskapm liknem (sk. 3.2. atlu).

4.0 1 1.0 1 Oy
g(o) o 09 4

o Avrami-Jerofgjeva 0.8 ]

vienadojums 0.7 1
2.5 onaké})es likuma 0.6 1
2.0 vienadojums ° 0.5 === Pakapes likuma
0.4 - S vienadojums

0.3 A
0.2
0.1 4

T T T T 0.0 4 T T T
0 20 40 60 80 100 0 20 40 60

(@) (b)

3.2. att. Ksilazina hidrogenhlorida formas X parejas par formu A (70 °C, 15% RM)

— Avrami-Jeroféjeva
vienadojums

Laiks, h Laiks. h

T —T

100 120 140

eksperimentilo punktu sakritiba ar Avrami-Jeroféjeva (A2) un pakapes likuma (P1/2)
vienadojumu teorétiskajam ltknem: (a) g(a)-t koordinates un (b)a-t koordinates

No abiem vieAdojumiem lalaku sakritbu ar eksperimeslgjiem punktiem deva
Avrami-Jero€jeva viemdojums, kuruidz ar to ar izmantoja dlako datu anake. Avrami-
Jerokjeva vieradojums lava apgkinat vienu atruma konstanti aizmeti veidoSaas un
augSanas procesam. DatuidaihaSanai izmantoja aKardeva vieadojumu ky - aizmetu
veidosaas atrums (§Y), kg - aizmehu augSanastrums (81, u=kat, ¢g=u*(2-u)°):

a = K gk kthe(tzmqo(u)du, (3.14)
Ke 0

Vienadojums dod iespu apgkinat atsevigasatrumu konstantes aizmgt veidoSaas

un augSanas procesiem. Kardeva sMiEjuma gaguma pec dotis metodikas teétiskaja

Itkné nowerojama maksimuma &vtiba, kas redzama iacitu autoru darb [18], ka af
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parvérSaras pakipe ir lieaka par 1. Tedtiski apekinata kinétiska likne @Ec Kardeva

vienadojuma metodes ir padita 3.3. attla.

2.00 -+
1.50 A
3 1.00 +
0.50 +
0.00 - T T "
0 10 20

Laiks, a?t?.
3.3. att.Teoretiska kingtiska likne, aprekinata pec Kardeva metodes

Aprekinos ievieSot papildus nosaanus, k af izmantojot Runges-Kuteskaitlisias
risinaSanas principu, maksimuma punktu vairs nénm\{iedito jauno grafiku skat. 3.4. att.
(@) un teogtiska Iikne pretzak apraksta eksperimeatds punktus.

Kardeva un CNNG viamdojumu teogtisko liknu sakritba ar eksperimedibjiem
punktiem dota 3.4. aif.

14 ay = " @y
0.9 1 0.9 1
0.8 A 0.8 1
0.7 A 0.7 1
06 1 ® Eksperimentalie i O Eksperimentalie
0.5 1 punkti 0.5 1 punkti
0.4 4 —Kardeva 0.4 1 —CNNG
0.3 - vienadojums 03 4 vienadojums
0.2 4 0.2 1
0.1 1 . 0.1 1
Laiks, h Laiks, h
0 T T T d 0 T T T T d
0 20 40 60 80 100 0 20 40 60 80 100
(a) (b)

3.4. att. Eksperimentalo punktu sakritiba ar teoretiski aprekinato kinétisko likni ksilazina
hidrogenhlorida fazu parejai no formas X uz formu A 70 °C temperaftira (15% RM): (a) —

Kardeva vienadojums un (b) — CNNG vieradojums

No 3.2. (b) un 3.4. aa ir redzams, ka ar visiem &eétajiem vieradojumiem
aprkinatas teogtiskas liknes labi apraksta eksperim@os punktus. Apgkinata standarta
novirze starp teatiskajiem un eksperimeiltem datiem Kardeva viewojumam ir
SD=0.027, Avrami-Jeréfeva viemdojumam ir SD=0.013 un CNNG viathojumam ir
SD=0.008. Mazko vertibu dod CNNG vieadojums, kas nada, ka Sis vieidojums vislabk
apraksta eksperimeahds datus. Kardeva viadojuma gaguma teoftiska Iikne pietiekami
labi neapraksta akuma un beigu di esoSos eksperimads punktus, kas nada, ka
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teorktiskais vieadojums paredz iEku aizmehu veido$ams un aug3anas procesu. Sis
vienadojums ir deigs gadumiem, kad dhBnas augSanas laknesaskaras savstarf.
IzveidojuSies aizmat tada gadjuma neveicina citu jaunu aizmgt veidoSanos un augsanu,
kas no praktiskviedoKa nav iespjams [71]. Bpat &ida procesa noriseitu giiti pieradama.
Si faktora @& mingto vieradojumu eksperimeato datu apraks$ars talak neizmanto.

Ar CNNG, Avrami-Jerodjeva viermdojumu un izokonversijas metodi idgs
aktivacijas enegijas \ertibas ir apkopotas 3.5. @&@. Kingtiskie dati, kuri izmantoti

aktivacijas enegijas apekinasanai, ir apskami 1. pielikuma 1. a#la.
K, K,

2004 [ W i
. .

100

E,, kd/mol

CNNG ' Izokonversijasl Avrami'-Jeroféjéva
vienadojums metode vienadojums

3.5. att. Ar trim dazadam metodem iegito aktivacijas enegiju salidzinajums ksilazina
hidrogenhlorida fazu parejai no formas X uz formu A

No 3.5. attla ir redzams, ka ar vimmn 3 metodm ieditas aktivacijas enegijas \ertibas ir
tuvas viena otrai. idz ar to iegts papildus apliecijums, ka CNNG vieidojums ir
izmantojams eksperimeaid datu apraks$ara. No aktivacijas enegijas \ertibas var secit,
ka ksilazna hidrognhlorida fizu pareja no formas X uz formu A ir jiga pret temperatas
izmaipam, par ko liecina augstaktivacijas enegija. Aktivacijas enegijas at&iriba starp
aizmehu veidoSanos un to augSanas procesiem ir neligi@ukrobe#s ts ir praktiski

vienadas.
3.2. Salikta fazu pareja sisttma hidrats-polimorfs-polimorfs un to
ietekmejoSie faktori

Fazu pareja hidats — polimorfs — polimorfs ir rakstuiga abiem ptitajiem
savienojumiem - ksilama hidrognhloridam (H— X —A) un zopiklonam (B— C —A).
Literatira mincts [72], ka fZzu pareja H— X notiek @&c fazu robezvirsmas mahisma, un, k
jau augstk mingts, fazu @reja X — A notiek [Ec aizmebu veidoSads un to augSanas

mehanisma. Zopiklona gagma literafira [33,57,62] ir @tita fazu @reja gan starp foram B
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un C, gan ar starp fornim B un A, bet viennamigas interpréicijas par procesu

mehanismiem nav dotas.

3.2.1. Ksilaazna hidrogenhlorida cietfazu pareja H — X —A un to ietekmgjosie
faktori
Temperatiras _efekts. Ksilazina hidrognhlorida hidéta rentgendifraktogrammas@

30 miniSu ilgas iztugSanas 70, 80 un 90 °C temparatr apkopotas 3.6. alé.

A

Intensitate, imp

O Ll L] L] L] L]

11 12 13 14 20, ° 15

3.6. att.Pulvera rentgendifraktogrammas pec ksilazina hidorgenhlorida formas H parauga 30
minaSu karseSanas tiis dazdas temperatfiras (70, 80 un 90 °C)

No 3.6. attla ir redzamas formu attidmas izmajas gc H paraugu 30 min ilgas
kars£Sanas iz®létajas temperatras. Zenakaja temperaira parsvaé radis X forma, bet
augsiikaja - A forma. Rc karg€Sanas 70 un 80 °C tempenat paraugos bija n@vojama

hidrata klatbatne.

w4 1.00 Preay OO 00 W, 1.00 Cp(p . &
090 { A o0 0.90 K +®
o +70°C 0.80 o*
0.80 4A o . e} o
O,
0.70 OOO QBbeC 0.70 O >
0.60 JO® 490 °C 0.60 0 & ®70°C
0.50 0.50 S o
0.40 0.40 o : 080 °C
0.30 0.30 . —
0.20 020 O .’
0.10 * . * ¢ 0.10
0.00 ; . : . 0.00 : ; ; ;
0 10 20 30 LT 0 200 400 600, ks, 1509

(a) (b)
3.7. att.Formas A masas dia tris daZdas temperafiras (70, 80 un 9CC) atkariba no laika,

izmantojot daZzadus @akuma paraugus: (a) — tru hidrata H paraugu; (b) — firu formas X

paraugu
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Saldzinot formas A masas llaformu H un X paraugos pie i@€étajam temperatram
atkafba no laika (3.7. a#la), redzams, ka formas A formas veidagsair atraka formas H
parauga gaguma parejas akuma (3.7. att.(a)). No literatas [72] ir zirams, ka forma H
dehidragSanas procasveido formu X, nevis A,apeéc misu ieditajam rezulitam var It
divgjads skaidrojums:

1) Forma H dehidra&jas par formu X, kura momeinti pargaja par formas A formu, jo
no formas H krigtirezga izdaltaistidens var patrinat formas A veidoSanogidens
ietekme uztrumu tiks izskaidrotaatakos [Etijjumos);

2) Ir ar iesggjams, ka Saj temperairu intenala formu A un X veidoSais no formas
H notiek Kk divi parakli procesi ar krasi ak¥rigam atrumu atkaitbam no
temperairas.

No 3.7. attla redzams, ka liekas at&iribas bija iegtajiem rezulitiem 70 un 80 °C
temperaira. Formas H paraugu 30 niites kargjot 70 °C temperata, veidops formu A un
X maigjums, bet pc visas formas H dehidfaijas fzu @Ereja no formas X uz A lkva
Ienaka nek batu sagaidms no arejas akuma kiretikas. Izveidojusies forma A nekalpoja par
aizmethiem jaunu aizmeu veidoSaa un augSamn Virsmas laukums ir gyak mazs, nesgot
nodroSirat procesa pErinaSanos. Formas X paraugu kgos 30 mirites 70 °C temperata,
sakuma noeroja aizkaves laikujdizigi ka tas ir konstats iepriekgjos Etijjumos, betidz ko
pareja @kas, ti notika bez defektiem, jo izveidojusies forma Aommja jaunu aizmeiu
veidoSanos un augSanu. AizmetveidoSaas process hidta paraugiem 80 °C tempeiet

noritgja atrak, bet augSana abos gaenos notikaidziga atruma.

1.0C -
Wa

0.80 - o
0.60 - 080 °C

A90 °C
0.40 - R2=0.98
0.20 - R2 = 0.98

. —

0.00 T ' ' ]
0.00 020 040 060 0.8Q, 1.00
H

3.8. att.Formas A masas dia, kas veidojs pec formu H un X dazadu maisjumu 30 minaSu
karseSanas attietgajas temperafiras (70, 80 un 90 °C)
No 3.8. attla ir redzams, ka polimar$ formas A daudzumsep 30 miriSu parauga
kargSanas ir atkags no formu X un H maigima sagiva. lzveidojies formas A daudzums
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pieaug linara atkafba no formas H daudzuma mgisna. No & var seciat, ka forma H
viemada pakape dehidragjas par formu A, neatkagi no pievienat formas X daudzuma.

Lai parliecinatos, vai paaugstats relaivais gaisa mitrums var veicnatraku formas A
veidoSanos,itus formas H paraugus iztjs 80 °C temperata pie 0-15% RM. legfie
rezul@ti ir apkopoti zerak.

Mitruma efekts

0.6C 1

W

0.50 - O
0.40 - Q L 2
0.30 - &
0.20

$ RM, %
0-10 L] L] L] L}

0 5 10 15

3.9. att.legata formas A masas da parauga pec hidrata parauga 30 miriSu karseSanas
80 °C temperatfira pie dazda relativa gaisa mitruma (rezultati no divam eksperimentu
Serij am)

No 3.9. attla ir redzams, ka formas A masadaj&kas ir izveidojusies nara hidita
péc ta 30 mimsSu kargSanas 80 °C tempefad, ir atkafiga no relava gaisa mitruma.
Eksperiments tika veikts divas reizes, lailigcinatos par rezuilttu atlartojanmibu. Ir redzams,
ka atlartojamiba visos eksperimentos ir augsta. No 3.%latir redzams, kaidz 10%
relatvajam gaisa mitrumam (RM) 30 niiu laika izveidotis formas A daudzums atbilst
linearai funkcijai no relawa gaisa mitruma. Natvar seciat, ka Ec formas H dehidractijas,
relatvajam gaisa mitrumam palielinoties no 0%zl 15%, pieaug formas A veidosan
atrums. Udens molekulas var veidih molekulu svrstibas kristla strukfira, kas atvieglo
molekulu @rnesi uz prveidoto fzi.

DiemZl nav iespgjams apskat formas H greju par A un X pie relata gaisa mitruma
>15%, jo papildus veidojas pushith, kas ir arkonstagts iepriekgjos Etijumos [61].

Hidr ata dalinu lielums parauca. Eksperiments veikts ar diviem dialiem paraugiem,

no kuriem viens tika kristaléts pirms eksperimenta un otrs netika kristiz Kristalizcija

veikta, jo nebija inforracijas par parauga apati un glalSanas apskliem pirms &

sapiemSanas @nieabai (kristalizcijas process aprakt 2.1.1 nodia). Abi paraugi tika malti
vibro-lodiSu dzirnags 2, 10 un 60 miites.
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3.10. att.Pulvera rentgendifraktogrammas dazdi maltajiem H paraugiem, kuri tika 30 minates
karséti 80 °C temperatira, par izejvielu izmantojot: (a) — komercalo paraugu, (b) -
parkristaliz &to paraugu

No 3.10. attla ir redzams, ka no abiem paraugiemutegdehidraicijas produkta
attieaba ir at&iriga. Komerdilaja paraug pec dehidraicijas rads vaik formas A nek X,
iznemot 60 mintes maltaj paraug, kura izveidopas gandiz tira forma X. No prkristalizeta
parauga fc dehidraicijas rads formu X un H maigums, izemot 60 minates maltaj
parau@, kur radis ira forma X. No abu paraugu reztiém var seciat, ka hidata malSana
stimukja formas X veidoSanosép dehidraicijas. MalSanas procgdidrata ddinas Kuva
mazkas, kas tika apstiprits, veicot dinu sadajumu anaizi. leditie rezuliti ir paraditi
3.11. atgla.
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\ - = = Nemalts
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Dalinas lielums,pum
3.11. att.Dalinu sadafjums nemaltaja un 60 miniates maltaja hidr ata parauga
No atela ir redzams, ka 60 mites maltag paraug ir an lielakas ddinas nek
nemaltad. To var skaidrota, ka maltais paraugs veido mazudiga aglome&tus, kurus biezi
novero maltiem / berztiem paraugiem [73]. No légjiem rezulitiem var seciat, ka liekka

hidrata virsma veicina formas X veidoSanos.
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Visiem paraugiem tika veiktas DTA/TG un DSK amask, lai grliecinatos, ka malSanas
process neveicina higta dehidratciju un entalpijas mau, kas vagtu patrinat formas X
veidoSanos. lagie rezultti ir paraditi 3.12. un 3.13. adta.
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(b)
3.12. att. TG liknes dazdi maltajiem hidr ata paraugiem: (a) — komercilais paraugs; (b) —

parkristaliz etais formas H paraugs

Temperatiira, °C Temperatura, °C
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3.13. att.DTA liknes dazdi maltiem hidrata paraugiem: (a) — komercélais paraugs; (b) —
parkristaliz étais formas H paraugs

No 3.13. attla ir redzams, ka dadi maltajiem paraugiem affas DTA anaize iegitie
rezuléti. Pirms kar8Sanas veikt malSanas procgsnenotiek hidita dehidraicija, ko var
secirit no masas izmaim TG liknés. Masas izmags visiem paraugiem ir viedas. DTA
rezul@tos ir norojami divi endotermiski sigii. Pirmais sigals (I) nolada uz hidita
dehidraiicijas procesu, bet otrais (Il) uz hitht kuSanu (ko apstiprina termomikroskopijas
rezul@ti, skatt talak). Uz hidiata kuSanas procesu ada tas, kaidens zaugSana notiekitiz
95 °C temperatai un, maot hidata paraugu pietiekami ilgi, otrais sids pie 98 °C
temperairas netiek nogrots. Divu sigalu pa@adiSanos nosro af DSK rezultitos (ieditas
entalpijas @rtibas skat. 3. pielikuma 1. taBul Dehidraficijas sikuma un beigu tempertaa

samagzias, palielinoties parauga malSanas laikam. Tasskaizirojams ar faktu, ka malSanas
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proced iegiatas mazkas hidiata ddinasatrak un vieghk dehidratjas, jo mazkam ddinam
vienner ir augsiks Gibsa potenals, kas rada termodinamisku nestahfilit

No ieditajiem rezulitiem nowroja, ka formas Aatraka veidoSaas ir saisita ar oth
sigrala pa#diSanos derivatogranimNo lielakam ddinam adens izdaBaras notiek giitak,
Iidz ar to dehidratijas process var nabviennerigs.

Polimorfas formas A masas tapec hidrata dehidratcijas atkaiba no hidata paraugu
dazdas samalSanas ir gafita 3.14. atila.
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3.14. att.Formas A masas dda dazdi maltiem hidr ata paraugiem: (a) komercalais paraugs;
(b) — parkristaliz &tais formas H paraugs 80 °C temperalra

No 3.14. agla ir redzamas atfibas kirgtikas liknes starp maak un vaigk maltajiem
paraugiem gan komeftajam, gan prkristalizétajam paraugam. @& 30 miruSu ilgas
kargSanas valik formas A rads komercilaja paraug, kurS pirms eksperimenta nebija
parkristalizéts. At&kiribas var skaidrot ar diviem pigmumiem: 1) paraugs satja formas A
aizmehus, kuri patrinaja citu aizmegu veidoSanos un augSanu. 2) Tam paraugan, paar
dehidraiicijas rodas formu A un X majams, bija ciids melnisms fzu parejai no formas X
uz A. lesgjams, ka formas A aizmgtattistijas momerini un Saj gadjuma notika viengi
aizmethu augsSana, un aiznet veidoSaas process kigtikas iknés nebija nogrojams.

Mehaniska spiediena ietekmeMehaniska spiediena efektam igpievers uzmaiba, jo

tas tableSu iegsanai farmcijas mpniedba izmanto presSanu. Paraugi tika mamiski
saspiesti pirms to katSanas 80 °C tempefai. Pec paraugu kagSanas iegtas pulvera

rentgendifraktogrammas ir apkopotas 3.1%latt
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3.15. att. Pulvera rentgendifraktogrammas daAda meéra mehaniski saspiestiem formas H
paraugiem pec 30 minaSu karseSanas 80 °C temperdtra
No 3.15. attla ir redzams, ka e hidata 30 mimSu kargSanas 80 °C tempetiai

mairijas fazu attie@ba, ja gdkuma paraugs pirms ka&&anas bija saspiests pie #ida
melaniska spiediena. Meiniska spiediena paliel@aras, saspiezot formas H paraugu,
veicinaja formas A veidoSanos paraudeditie rezultiti sakrita ar rezufitiem, kuri iediti,
pirms eksperimenta saspiezatut formu X, af Sap gadjuma veicinaja atraku A formas
veidoSanos. Spiediens kiki rada defektus un plaisas, kur K&anas procasvar atrak
izveidoties formas A aizmgt

Pec melaniska spiediena izmantoSanas hi@dr ddinas ir ciedk sapakojuss ko@ un
briva telpa starp dmam samazias, tipec udens athivoSaras dehidraicijas proces var
kaweties, kas var veicit formas A veidoSanos.

Péttjumi, izmantojot termomikroskopu

3.16. att.Termomikroskopa iegatas fotografijas rada formas H kristala dehidratacijas procesu

pie daZ;dam temperatiram
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No termomikroskop nowerotas fazu parejas, paaugstita temperaira dehidragjoties
hidratam (3.16. a#ils) var seciat, ka dehidracijas process akas 70 °C temperata.
Aptuveni 100 °C temperata sakas krisila plaigSana un citasates veidoSas (kiasas
maina nofida uz jaunu #u paadiSanos). Paaugstinoties temperait, no liekka kristala
iekSienes &k izdalities &idrums, kas liecina par higta kuSanu. Pie 122 °C liMais kristils
izskist kristaliacijastden, kas atbivojas kargSanas laik. Redzamais process nav formas A
kuSana, joas kuSanas tempefaf saskaa ar literafiru ir 168 °C [61]. Termomikroskopijas
dati rada, kadi procesi kargSanas laik var notikt ar liehkkam vai mazkam hidrata ddinam, jo

divi daZda izn€ra kristli uzvedas daadi.

Lai labak saprastu formas H kasanas laik notiku&s struktudlas izmanas, zerak
veikta visu krisilisko formu strukiiras anake.

Formu H, X un A krist alu strukt iiru analize

Visu petito formu molekulu konforracija ir aptuveni vieada, ko var secit no 3.17.
atela.

3.17. att.Ksilazina katjona konformacijas safdzinajums formas H (sarkana), A (zda) un X
(zila)

No 3.17. agtla ir redzams, ka liekas konfornacijas atgiribas ksilama katjora ir
dihidrotiazna gredzena novietojuinNotiekot Zu parejai, molekulu konforracijas hitiski
nemains.

Visu formu molekulu pakojums tika vizuatizs ar programmuMercury [74] pec
literatira atrodanas informacijas formai H [75], polimorfam X [76] un formai Astrukiira
noteikta $ darba ietvaros no monokrt datiem, skat. 2. pielikuma 1. &tt un 1. tabulu).

legatie rezultti ir paraditi 3.18. atéla.
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(b)
3.18. att.Formas H, A un X: (a) —adenrazu saiSu atélojums, (b) — molekulu pakojums
No 3.18. attla (aX un bX) ir redzams, ka forma X satur bempad sinus b-ass

virziena, kur molekulas ir sapakotas pataliena otrai un molekulas viarslani ir oriengtas

viena virziena, bet blakus gahos molekulas ir novietojas antiparallos virzienos. Ir redzams,
ka viens hloida anjons ir saiis ar diviem ksilamna katjoniem. Divi hlaida anjoni un divi
ksilazina fragmenti veido tetragru ar grafu kopurR;(12) (sk. aX). Attilumi starp hlorda
anjoniem un HTideyradi ksilazna katjor ir 2.01 A, bet aftums starp hlada anjonu un H1
atomu ksilama katjora ir 2.10 A (atomu numecija ir atelota 2. pielikuma 1. atta).
Literatiira [77] ir mingts, ka vidjais idenraZzu saiSu garums stafidepradi un hlorda anjonu
ir 2.126(6) A ((CC)N-N akceptoram) vai 2.221(7) A (>Nspl akceptoram). Naitizriet, ka
forma X abasideyraza saites ir nedaudizkas nek vidgji Ii7dzigos savienojumos.

No 3.18. agtla (aH un bH) ir redzams, ka formai H moleimals pakojums iridzigs ka
formas X pakojums. Molekulu &ju novietojumsb ass virzieA un molekulu oriericija
slanos ir tieSi &da pati kk forma X. Lielakas at%iribas ir hlorda anjona un ksilaza katjona
tudenraza saiSu vei jo hidrata strukiira starp diviem ksilaina joniem ir divi hlorda anjoni,
ka ai divastudens molekulas. Starp diwm adens molekdim un hlofda anjoniem veidojas
tidenraza saisu tetragrs ar grafu kopk; (8) (sk. aH), bet ksilana joni ar So tetraénu veido

tidepraza saites & heksanars ar grafu kopR$(16). Attalums starp H1 atomu ksilam
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katjora un hlofda anjonu ir 2.35 A, atiums starp hlada anjonu uridens molekulas H
atomu ir 3.36 A, uridegraZa saite starpdens molekulas O atomu un H7 atomu ksilaz
katjora ir 1.96 A gara. FormH udearaZa saite starp H1 atomu ksilaa katjora un hlofida
anjonu ir gatka nek forma X.

No 3.18. attla (aA un bA) ir redzams, ka formas A molekulu pakas ir nedaudz
lidzigs ar formu H un X molekulu pakojumu. Molekulu ppkus saturidzigus sinus, bet tie
nav viens pret otru novietoti antipadal Slanos divas blakus esoSas molekulas ir obiest
katra uz savu pusi, un otra molekula attcpret pirmo ir pagriezta par 180°. Likhs
at&irtbas sadzinot ar formu X un H strulitam ir hlorida anjona pazija attiedba pret
ksilazina katjonu, jo formas A gddma tas nav novietojies starp diviem ksilaa katjoniem
veidojot kanlu, bet ir cieSi sai#ts ar vienu ksilaina katjonu, veidojotidenrazu saisu diru,
kuru var raksturot ar grafu kopR?(6) (aA). Attalums starp hlada anjonu un ksilana
katjona H7 atomu ir 2.23 A, bet H1 atoms atrod@8 A atsluma.

No kristilisko strukfiru anaizes var seciit, ka visu formu molekatais pakojums ir
lidzigs, kaut gan formas H un X $axina ir lidzigakas, jo viefgas at&iribas ir saigtas ar
udens molekulas novietojumu pie hidet anjona, bet foranA molekulu orierdcija un hlofda
anjona novietojums ir dtfigaks nek formas X un H. lespjams, ka formas X struita ir
starpstadija starp formu H un A kébskajam struktiram.

Kopsavilkuma dala

No ieditajiem rezulitiem var seciat, ka no strukiras viedoka formai H vajadatu
vieglak dehidratties par formu X nek par formu A, jo Sa& pareja molekukm nav
nepiecieSams mainorientciju un novietojumu krigla struktira. Notiekot dehidraicijas
procesam, no strultas atbivojasidens molekulas, un lighas izmahas notiek atidenraza
saiSu garuma samazfanos starp ksilaza katjoniem un hlada anjoniem. Var secih ka
fazu pareja no formas X uz Aapéc ir daudz saregitaka neld dehidraiicijas process uz formu
X, jo notiek molekulu proriencija un novietojumu mar kristliskaja rezi.

Fazu m@reju @Etijumi sisema H—-X—A pafadija, ka mainot eksperimenta agdus ir
iesgejams kontrodt to, kada forma rodasde hidrata dehidratcijas — vai nuita forma X, vai
ar formu A un X maigums. No strulkiras anakes un 3Zu garejas @tijjumiem var secist, ka
fazu parejai sistma H—X—A janotiek @c divpakipju metanisma. Skuma forma H
dehidragjas par formu X, kura gadima, ja tiek stimuéta formas A veidoSas, momer#ni
pariet par formu A. Spriezot no kridtezga strukfiras uzlaves, preja H — A ir parak
saregita, lai & no enegijas viedoka hitu izdedga un sptu notikt tiesi. Saj sisema
dehidraicija un X—A parejas aizmeiu veidoSads process notiek pagh] visticamak

taliteju aizmetu augSanu stimaldehidraicijas proces no strukiiras atbivojiesidens.
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3.2.2. Zopiklona ciethzu pareja B —» C —»A

Fazu parejas C —A mehanisms un to ietekngjosSie faktori

Lai noskaidrotu meinismu zopiklona #u parejai no formas C uz formu A, veikti

MErfjumi in-situ reZma temperairu intenala no 95 idz 120 °C. legtie dati apkopoti 3.19.

atela.
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3.19. att. ParverSanas pakape zopiklona fizu parejai no formas C uz formu A dazdas
temperatiir asin-situ reAima

Attela 3.19. ieditie dati izmantoti kigtiska modda noteikSanai un FapgkinaSanai.
Procesa meimisma noskaidroSanai izmantoja lineacipas metodi. Vislaiko sakritbu deva
pirmas un otds pakipes mode (attieagi F1 un F2), kuriem literata nav dots teatisks
pamatojums, jo tie ir aizgi no homog@nas kingtikas. Ta ka literafira [20] ir atrodami vaigki
So vieradojumu izmantoSanas gaemi, tad ar Seit fiZzu parejas raksturoSanai izmantosim So0s
vienadojumus. Mod&a F1 lietoSanu cigtku pareja vartu pamatot ar to, kaildispersas
vielas frveSaras paldpe ir proporcioala parverSaras atrumam. Aprakstot eksperimeards
punktus koordiates a-laiks, vislatika sakritba iedita, izmantojot modeli F1.

Aktivacijas enegijas apekinaSanai izmantoatrumu konstantes, kuras @&gmnatas,
izmantojot pirmas kartas vieadojumu, K ai izokonversijas metodi. l&tas aktivacijas
enegijas \ertibas ir 173+8 kJ/mol (klasiskmetode) un 130+13 kJ/mol (izokonversijas
metode). leqtas \ertibas viena no otras &ifas un neielaujas apikinatajas drosbu
intenalu robezs. Izokonversijas metodes akinos Kadu var ienest, ja eksperimelie dati
ir ar nepietiekami labu kvaiiti, kas néauj pietiekami prezi nolast laiku pie atbilstoSam

parversaras pakipes \ertibam.
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3.20. att.Aktiv acijas eneggija zopiklona faZzu parejai no formas C uz formu A pie dazadam
parvérSanas pakapem

No 3.20. agla ir redzams, ka izokonversijas gada iegitas aktivacijas \ertibas ir
mairigas, kas nada, ka izmantotie dati nav pietiekami kvalivat Aktivacijas enegijai
vajadZtu bat nemaingai pie viam parverSaras pakipes értibam, ja pimem, ka process nav
salikts un nenotiek vaikas stadifis. Augsi aktivacijas enegijas \ertiba noéda, ka ksilama
hidroggnhlonida fzu pareja X—A, tapat ki zopiklona §zu pareja G-A ir jutiga pret
temperailras paaugstianos.

Zemak ir apskaits, ka fazu pareju ietekng relatva gaisa mitruma izmaas un formas C
saberSana eksperimentzkema. No ieditajiem datiem tika apkinatas atruma konstantes,
izmantojot F1 vieadojumu. Atruma konstantes apkopotas 3.2. tak{ingtiskie dati attloti
1. pielikuns).

3.2. tabula
Atruma konstantes 80 °C temperaira zopiklona fazu parejai no formas C uz formu A, atkariba

no parauga saberSanas eksperimentdlsuma un relativa gaisa mitruma
Apstakli

Atruma konstante, h

Formas C saberSana, min

2 0.07+0.03
4 0.08+0.03
6 0.10£0.03
10 0.17+0.03
15 0.290+0.006
Relatvais gaisa mitrums, %
0 0.07+0.05
5 0.09+0.03
26 0.14+0.03

60



No 3.2. tabulas datiem ir redzams, ka fghtgaisa mitruma ietekénfazu arejas
atrums izmaias maz, un Kidas robes var uzskat, ka tas ir vieadas. No 2 var seciat, ka
relaiiva gaisa mitruma palielg$aras vai samazigsaras hitiski neieteknd zopiklona fizu
parejas atrumu. Formas Aatraku veidoSanos idiski neieteknd relaiva gaisa mitruma
izmainpas idz pat 26%.

No 3.2. tabulas datiem ir redzams, dteuma konstante pieaug, palielinoties formas C
berSanas ilgumam pirms eksperimenféruma konstantes likdas robe¥s ir praktiski
viemadas, ja paraugs berztglz 10 mirmitém. Lielakas izmapas rodas, ja parauga saberSana

notiek ilgak par 10 mimtém.

A
12 min berzts
14 min berzts
1 6 min berzts
™ I 10 min berzts

I 15 min berzts

18 19

20, °
3.21. att.Zopiklona pulvera rentgendifraktogrammas formai C, atkariba no berSanas laika

No 3.21. attla ir redzams, ka difraktogranas pie 5° ® skah ir redzams padums
virs fona tnijas. Paglumu var identifiét ka formas A intenwvako refleksu. Visizteiktkais
reflekss ir ilgik berzto paraugu rentgendifraktograggnBerSanas process veicina formas A
veidoSanos, kas liek seainka fazu pareju var ierosiat ain metaniskas enegijas pievadana
paraugam.

Par to, leda veich katrs ietekrjoSais faktors ietekmpareju no formas C uz formu A, ir
grati spriest, jo literaira ir maz infornacijas par molekulas izmgim procesos, kuri notiek
pec pirmas kartas mehlnisma. No ie@tajiem rezulitiem var seciat, ka fiZzu pareju katiski
ieteknt temperairas paaugstit¥ana, bet relata gaisa mitruma izmaas un parauga
saberSana dod maa efektu.

Temperatiras ietekme uz ciethzu pareju B—-C—A
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Zopiklona formas B paraugi iztttr 30 minites 80, 90 un 100 °C temperat Paraugu
pulvera rentgendifraktogrammas ir apskads 3.22. aita.

12000
10000 —80

8000 100

6000

Intensitate, imp

4000

2000 |1 A

, b

4.00 9.00 14.00 19.00
20, °

3.22.att. Zopiklona parauga pulvera rentgendifraktogrammas Ec formas B karsSanas 30

miniates 80, 90 un 100 °C temperata
No 3.22. attla ir redzams, ka forma B 30 ni$u lailka 80 °C temperata ir pilniba

dehidragjusies par formu C. S@ajgadjuma process sista hidrats-polimorfs-polimorfs
notiek ar pilngu hidata dehidratSanos. Bc formas C izveidoSanoalik notiek formas A
veidoSa@s. Paraugiem, kuri izteti 90 un 100 °C temperata, difraktogramma ir redzami
formas A refleksi, kas liecina, ka jau &ika sak veidoties forma A.

Veicot formu B un C maigimu iztugSanu 80, 90 un 100 °C tempeirat var iedit
ITdzigu sakaibu ka ksilazna hidrognhlorida gadiuma, betpemot formas A masas k& kas
iegita pec parauga kagsanas 1.5 h, nevis 30 mies. Sdu sakaibu var iegt tikai 90 un
100 °C temperata izturetajiem maigumiem, jo forma A @l nav izveidojusies maigimos
pec to kargSanas 30 miites 80 °C temperatta. Vienigi izturot iru formu B, @c s
kargSanas 30 min 80 °C tempeardt konstat ~2% A formas. legtie dati no maigumiem,

kuri iztureti 90 un 100 °C tempernats, apkopoti 3.23. atfa.
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3.23. att.A formas masas d#a, kas veidofis pec formu B un C dazidu maisjumu karséSanas 90
un 100 °C temperatira

No 3.23. attla ir redzams, ka formas A masaslalpieaug, palielinoties formas B
daudzumam paradagVislielakas at&iribas ir noerojamas starp majsimiem [&c iztureSanas
100 °C temperata, kur izveidojuds formas A masas tapalielirajas 7 reizes, salzinot ar
maigjumiem, kuros formas B saturs bija atiggc0% un 100%. ArSap gadjuma, tapat ka
ksilazina hidrognhlorida hidatu-polimorfu-polimorfu f@areju gadjuma, var seciat ka hidéata
pievienoSana paraugam veiciiteaku stabifikas formas A veidoSanos. Laigpaudtu, vai So
hidrata-polimorfa-polimorfa sismu ietekng relafva gaisa mitruma pieaugums, kuru varitad
formas B pievienoSana paraugam, forma B tika &dupie daizdiem relaivajiem gaisa
mitrumiem.

Relafiva gaisa mitruma ietekme uz cietizu pareju B—-C—A

Eksperimentam izmantots ralat gaisa mitruma inteéls no 0 1dz 26% pie 80 un 90
°C temperalras. Par &kuma paraugu izmantojara formu B. ledgitie rezultiti apkopoti 3.24.
attela.

1.00 . 1.00 . ®

< ] ]
0.0 s o = 0.90 -

0.80 il 0.80 " »
0.60 . & RM 0% 0.60 L
0.50 » S—— 0.50 .
0.40 ® e 0d0 | o
030 | a 0.30 mRM 0%

° " o RM 5%

2
020 | o 0.20 8 ® RM 10%
0.10 0.10
0.00 e 0.00 ®
2 . 5 5
0 10 20 30 1 aiks, n40 0 5 10 15 20, s, 125
(2) (b)

3.24. att. ParverSanas pakape zopiklona &Zzu parejai B—~C—A atkariba no relativa gaisa
mitruma: (a) 80 °C temperatiira un (b) 90 °C temperatira
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No 3.24. attla ir redzams, ka relsta gaisa mitruma palielgsana nedod lielu ietekmi
uz formas A veidoSas atrumu, &pat ka fazu @reja no formas C uz formu A. Nedaudizaka
formas A veidoSars norojama pie 10% RM un 90 °C tempeérnats. No i var seciat, ka
formas A veidoSais nav atkaga no relava gaisa mitruma paliela$aris eksperimenta
laika.

Pie 26% relava gaisa mitruma iagie dati nav satizinami, jo gan 80 °C, gan 90 °C
temperaira izturgtais paraugs difraktogranmueva jaunus refleksus (sk. 3.25. att.). Radusos

jaunos refleksus nevar identitcar nevienu no ziémajam zopiklona kristliskajam formam.

\ I Paraugs, kas izturéts 26% RM
‘ I B forma

1 A forma
‘ I C forma

3.25. att.Pulvera rentgendifraktogramma zopiklona paraugam, kus izturéts 26% relativaja

gaisa mitruma 80 °C temperafira
Paraugam g iztucSanas 26% relataja mitruma 80 °C temperata veica DTA/TG

anaizi (3.26. att.). Derivatogramannepasdijas jauni sigali, tacu bija noerojama neliela

formas A kuSanas sigla nolde.

2
1550 100’_,_—-1-50-\ 200
R ) /” \ /’“sll
g 1 ,/’ \‘ ’I
r'd
< g 1
e 0.5 | /
g 0 / '
o [}
8-0'5 - ==26% RM )
|
2 1 A forma |
n "
-1.5
-2

Temperatira, °C

3.26. att.Zopiklona formas A derivatogrammas saldzinajums ar parauga derivatogrammu pec

iztur eSanas 26% relalvaja mitrum a
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Parauga samalSanas efekts uz ciatfu pareju B—-C—A

Forma B lo@Su dzirnads tika malta 2, 10 un 60 mites. legtas formas B
rentgendifraktogrammas ir apkopotas 3.2l att

I Nemalts

I Malts 2 min
1 Malts 10 min
I Malts 60 min

3.27. att.Pulvera difraktogrammas zopiklona formas B paraugien pec daZda ilguma malSanas
vibro-lodiSu dzirnavas

No 3.27. attla ir redzams, ka forma B malSanas prackKEist gkkristaliskaka, jo
palielinas refleksu platumi un daZzi refleksiks saptist ko@. Lai parbaudtu, vai malSana

neveicina parauga dehidzaiju, veikta DTA/TG anake. Rezuliti ir apkopoti 3.28. atla.

Temperatira, °C

p 100.00 o
2 98.00 R
3 2 ;
o i
g 1 9 Y 96.00 ‘
Z N AL Wyl & —— Nemalts
2 p N e VG ¥ . :
& A I:’/ ‘.‘.‘1 £94.00 — - Malts 2 min N
£ -1 '_."\\ N & g —— Malts 10 min
= s/ - = Malts 60 min
;-2 - 92.00
; s
—— Nemalts =+ Malts 2 min 90.00
—— Malts 10 min ==~ Malts 60 min 30 50 70

Temperatiira, 5‘3(0:
(a) (b)

3.28. att.Dazadi maltu zopiklona formas B paraugu DTA/TG hiknes

No 3.28. att. (b) ir redzams, ka malSana neveibideta dehidraiciju, jo visu paraugu
masas zudums ir viads (8,5%), K af 3.27. att. nepadas jauni refleksi, kas lieciitu par
citas formas rasanos. No DTAmhem ir redzams, ka dehidéaijas process vak maltajiem
paraugiem akas nedaudatrak. Nemalt parauga derivatogranair noverojams &l kads cits
process pirms formas A kuSanas, joapas endo- un eksotermisku sidm kopa (apvilkta ar
apli 3.28. att. (a)), kuri netiek nenoti pargjiem paraugiem. No literatas [78] ir ziams, ka
Sada signlu kopa ir rakstuga hidata kuSanai un formas A rekristai@jai. Malto paraugu
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gadjuma Sie sigali pie izveleta kargSanasitruma nav nogrojami. Saj gadjuma anaizes
atrumu kutu nepiecieSams palielin

legatas kingtiskas liknes apkopotas 3.29. &t

< 1.00 = ’—___n
=] ',—G‘.'.’—‘ .........
0.80 0
0.60
® Nemalts
0.40 o Malts 2 min
A Malts 10 min
0.20 + Malts 60 min
0.00
0 5 Laiks, h *9

3.29. att.ParveérSanas pakape zopiklona fizu parejai B—~C—A 80 °C temperafira atkariba no

formas B parauga malSanas ilguma pirms eksperimentéteoretiska linija ir pievienota punktu
izsekojamnibas ckl)

No 3.29. atla ir redzams, ka formas A veido&antrums pieaug, palielinot formas B
parauga malSanas ilgumu. lakh formas B virsma veicinatraku formas A veidoSanos.
lesgejams, ka pievath meliniska enegija veicina formas A veidoSanos, jo iepriekS tika
pamdits, ka pietiekami ilgi berztiem formas C paraugwgidojas formas A piemajams.

Formu B, C un A kristalu strukt iiru analize

Literatira [62,78] ir atrodama inforatija par visu triju kristlisko formu strukiiras
anaizi, tapec Saj dda kristalisko formu anakei ir velits mazk uzmaibas. Rtito zopiklona

kristalisko formu molekulu konforracijas ir at&irigas, ko var redi 3.30. attla.

3.30. att. Zopiklona formu A (sarkana krasa), B (zila krasa) un C (zda krasa) molekulu

geometrijas saidzinajums

66



No 3.30. attla ir redzams, ka formas A molekulu konfaena ir atkiriga no fornram
C un B, kuam ta ir vienada. Atkiribas ir piperaina gredzena novietojuin Formas A
gadjuma piperazna gredzens atrodas perpendikubttieaba pret citiem gredzeniem, bet
formas C un B — parali. Fazu parejas gaguma no formas C uz A notiek molekulu
konformacijas mana.

Visu formu molekulu pakojums i@ts ar programmercury pec literafira atrodams

informacijas [62,78]. legtie rezultti ir paraditi 3.31. attla.
ﬁ \vq \Q’S ) @ i} = t-@“’ mx@
< % G 3 “§;9~
(a)

3.31. att.Zopiklona molekulu pakojums: (a) forma A, (b) forma B un (c) forma C

L

L

No molekulu pakojuma ir redzams, ka formas B unat star@ ir loti lidzigas, bet
formai A pakojums ir atdrigaks.

No 3.31. attla ir redzams, ka formm A zopiklona molekulasa ass virziea veido
bezgaigus shnus, kur viea slani esods molekulas ir oriedtas viela virziera, bet divu
blakus esoSo &hu molekulas novietojas antipagkl Stipras starpmolekatas tdegraza saites
neveidojas, bet past vidéjas un/vai ¥jas udepraza saites. Strulta domire disperas
mijiedarlabas, kuras nosak&@apekiniem ar programmeIXEL

Saldzinot 3.31. atla redzamo formu C un B molekib pakojumu, ir redzams ka abas
formas irloti lidzigas un molekulas krigtskaja rez1 ir pakojuds praktiski vieadi. Abas
formas molekulas veido divahus, kur molekulas uz@ja vidu ir pakojuss benzola gredzena
virziema, bet uz dgnpu mabm piperizna gredzena virziegn Forma B starp diviem
dubultskpiem ir novietojuds adens molekulas. FonC atilums starp Siem diviem
dubultshniem samazias, jotidens molekulas vairs nav straid.

Kopsavilkuma dala

Fazu pareju no formas C uz formu A raksturo pasipakipes mehnisms. Relava
gaisa mitruma izmaas hitiski neieteknd fazu parejasatrumu, tipat parauga berSana nedod
lielu ieguldjumu. Atraku faZu pareju no\ero, ja paraugs berzts ig par 10 mimtem, kad jau
var paadities melaniskas enegijas pievadSanas ietekme.

Cietfazu pareja, kur sskuma paraugs inria forma B, vispirms notiek piiga formas B
dehidraiicija par formu C. Bc tam no formas C rodas forma A. Sgpdjuma eksperimenti
jau uzreiz padia, ka mirgtais process si@na hidrats-polimorfs-polimorfs ir divpaipju.

Tatad forma B nevar uzreizapet par formu A, un ir nepiecieSama starpstadgasidosags.
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Zopiklonam eksist vél kada kristiliska faze, jo 26% relavaja gaisa mitrura izturéto
paraugu difraktogramais konstatja jaunus refleksus, kurus nebija iggns identifiét ar
nevienu no ziamagam kristaliskajam fazem.

3.3. Ksilazna hidrogenhlorida cietfazu parejas sisemas X+Z—A un
X+M —A

Gan razoSanas, gan gi&hnas procasvar rasties polimorfu majsmi. Maigjumos
esods polimorés formas var it nestabilas un tempetiahs ietekra pariet termodinamiski
stabikas forms. Sida sitdcija var Wt ksilaZzna hidrognhloridam, jo tas eksistéetru
polimorfu veidi. Formas Z un M var veidoties krista@cijas proces no daZdiem
Skidinatajiem. Parasti razoSarka piemaigjumu formam A un H konstat formu Z. Formu M
ka piemaigjumu neno¥ero, jo & rodas, kristaligjot no hloru saturoSiemk&inatajiem, kurus
farmacija parasti neizmanto. Formu Z var ig#gno etanola, metanola, acetona u.c.
Skidinatajiem. Abas polimords formas paaugstita temperaira pariet stabiikaja forma A.

Fazu pareju kirgtikas fEtijumi veikti formam Z un M, formu Z un X maigimiem, k
arn formu M un X maigumiem.

3.3.1. Fazu parejas Z—A un M—A, un tas ietekngjoSie faktori

Abas formas tika izt@tas daZdas temperairas in-situ reAima. legitie dati ir pa#diti

3.32. attla.

1 ¥ B . 1.00
09 [ & oo 0.90
08 k g . 0.80
: ¥ 5+ s®® C e & @
07 Ny L 0.70 0 *°
‘ + o* e 105 °C ¢ 100 °C
0.6 F o 0.60
505 hid ;** o~ +110°C  £0.50 %105 °C
" '
04 g is o115°C 0.40 ©110°C
03 8 F ¥ 4 Bs G 0.30 |o el115°C
0.2 + .o' 0.20 7 +120 °C
+o* =
0.1 +:. X125 °C 0.10 B ol
0 ; . . 0.00 1 . s 1 )
0 5 10 15 20 0 5 10 15 20
Laiks, h Laiks, h

(a) (b)
3.32. att.Ksilazina hidrogenhlorida fazu pareja in-situ rezima: (a) Z—A; (b) M—A

No 3.32. attla ir redzams, ka zeikas temperatras (105-110 °C) formas Ztu @arejas
eksperimerilie punkti veido sigmoialu likni, kas rakstuga aizmeju veidoSaas un
augSanas kiikai. Formas M gaguma eksperimerie punkti veido eksponeriu likni.

Abu fazu pareju melanisma noskaidroSanai izmantoja lineaci,as metodi. No
iegatajiem grafikiem tika konstats, ka formas M gafima eksperimeriie punkti deva
augstu linearitti koordinatés g(a)-t, izmantojot F(3/2) un Avrami-Jergava vierndojumu,
bet formas Z gaghma — izmantojot Avrami-Jergfeva vieradojumu. Ta ka abas 3zu arejas
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deva labu sakiibu ar Avrami-Jerdeva viermdojumu, tad abu formuafu parejas tika
raksturotas arar CNNG modeli. Formas Z ggaima, iegitie dati adija labu sakribu, bet
formas M gaguma eksperimerilos punktus nebija ies@ams pietiekami labi aprakstar
CNNG modeli. Apgkinatas aktivcijas enegijas fazu parejai no formas Z uz formu A un no

formas M uz formu A ir apkoptas 3.33.ahit

K:

T
300 7 T :
KRR 2004 7/ //
— 200+ K 1 ] 2
E SR %/ £ /
5] =
o i 1004 7
100 -
X, //
e 7
0 ot . 0
CNNG vienddojums lzokonversijas Avrami-Jerofejeva F(3/2) Izokonversijas Avrami-Jerofejeva
metode vienadojums vienadojums metode vienadojums

(a) (b)
3.33. att.Fazu pareju aktiv acijas enegijas vertibas, iegiitas ar dazadam metodém: (a) Z—A;
(b) M—A

No ieditajiem datiem ir redzams, ka formai M iggs aktivacijas enegijas \ertibas ir
saw starp lidzigas, bet formai Zas ir nedaudz ak#rigakas. Formai Z aigrigaku rezultitu
dod aktivacijas enegijas \ertiba, kura iegta no CNNG moda K; vertibam. leditas \ertibas
péc CNNG viermdojuma datiem ir ar vislieko drodbas interdlu, kas no&da, kaatruma
konstantes nedod tik labu lineatitkoordinatés Ink-1/T. Formas Z aizmeti veidoSaas un
augSanas procesiem ir lat$gas aktidcijas enegijas \ertibas. RZu pareja no formas X uz
formu A s \ertibas bija gande vieradas. Gan formas M, ganidormas Z fizu parejas
aktivacijas enegijas \ertibas nofida, ka abasafu parejas ir juigas pret temperatas
paaugstiasanos.

Izturot formu Z pie 80, 90 un 100 °C tempé@ras, konst&fa ka forma Z ir stabila
80 °C temperata un nepriet par formu A, bet 90 °C tempetigd fazu pareja ir loti lena.
legatas kirgtiskas liknes ir ar adu paSu raksturuak3.32. attla paiditas arin-situ metodi
iegatas liknes, ipéc dati darh netiks prezefti.

Zemak apkopotasatruma konstanSu &vtibas atkaba no temperdairas un 3kuma
parauga berSanas ilguma (izmantotas divasddaZeksperimentiEgjas). Atruma konstansu
aprkinasara formai Z izmantoja Avrami-Jergfeva un CNNG vieadojumus, bet formai M —
Avrami-Jero€jeva vieradojumu. le@tas atrumu konstanSu értibas attlotas 3.3. un 3.4.
tabukbs (kinetiskie dati attloti 1. pielikung).
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3.3. tabula

Atruma konstantes fzu parejam no formas Z uz A un no formas M uz A atkaiba no

temperatiiras
Z—A M—-A
Apstakli _
Atruma konstante
h—l
. Ky, bt 1 1 . .
(Avrami- Ko, gh h™ (Avrami-Jerogjeva
Temperaira, °C _ (CNNG _
Jerofjeva _ (CNNG) vjms)
: vjms)
vjms)
105 0.11 5.8407 0.19 0.28
110 0.18 6.594.0° 0.45 0.76
115 0.76 3.540" 1.6 14
120 1.0 3.27.0" 3.1 3.4
125 2.4 1.78 58 11

3.4. tabula
Atruma konstantes fazu parejam no formas Z uz A un no formas M uz A atkaiba no sakuma
parauga bersanas ilguma

Z—A M—A
Apstakli _
Atruma konstante
h™* (Avrami- ] ] h*(Avrami-  h™ (Avrami-
Parauga _ Ky h™(CNNG K, gh , ,
Jerotjeva _ Jerotjeva Jerotjeva
saberSana, , vjms) (CNNG) _ _
_ vjms) vjms) vjms)
min
100 °C 90 °C 100 °C
0 0.058 4.8.0* 1.4 0.11 0.15
0.074 7.10° 1.8 0.13 0.23
0.079 6.0.0" 2.1 0.23 0.46
10 0.11 1.510° 2.4 0.30 0.38

No ieditajiem datiem ir redzams, kKdruma konstante pieaug, palielinoties katram no
faktoriem. Formas Z saberSana pirms eksperimeautarejasatrumu ieteknd mazk nela
temperairas palieliasSaras, jo no abiem vierdojumiem ie@tas ieditas atruma konstantes ir
lidziga. Formas M&@Zu parejai atruma konstantes izmais vaiak neka formai Z gan 90 °C,
gan 100 °C temperati. No 3.4. tabulas ir redzams, ka formas Mepasatruma konstante
alas temperatras pieaug vieidi. No rezulitiem var seciat, ka temperatras izmanas dod

lielaku ieguldjumu atrumu izmaha neka parauga saberSana.
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. _ L +Z +M
3.3.2. Fazu pareja maisjjumos X—A un X—A

Pagatavoti maigumi ar dazdu formu M un X, k ai Z un X attiegbu, kuri iztugti 70,
80 un 90 °C temperata. legitie fazu areju dati apkopoti 3.34. un 3.35.&dIs.

1.00 4 L 1.00

1.00 ** A -
M wt o b i Ak T *
0.90 - é é ] 0.90 o . x 0.90 R :
0.50 1 : % 0.50 s AL e 0501 " Letx ™
] Ak ® o b x
0.70 ® A 0.70 LI x 0.70 Ap X
0.60 - 0.60 . 4 +M forma 0% 0.60 .A:'," M forma 0%
<050 4 * M forma 0% < 0.5 . F 0.5 &

g 0.50 { & 0.50 ‘;;x AM forma 11% s 0.50 :x 4 M forma 10%
0.40 20 4 M forma 5% 0.40 Ly 0.40 *x o M forma 20%
0.30 1 $ 4 O M forma 23% 0.30 Fa M forma 26% 0.30 § X M forma 40%
020 *Q x M forma 36% 020 x M forma 44% 0.20
0.10 55? 0.10 0.10 f
000 emtbd . . 0.00 r r - 0.00 # g . i

0 200 400 600 0 50 100 150 0 50 100 150
Laiks, h Laiks, h i
Laiks, h
(a) (b) ()

3.34. att. Formas A parvérSanas pakape atkartba no formu M un X daZadu sashvu

maisijumiem dazadas temperatfiras: (a) 70 °C; (b) 80 °C, (c) 90 °C

<1.00 <1.00 g ¢ o =1.00 s o
g ] 5
0.90 : L 0.90 - 5 3 0.90 8
0.80 HEP 0.80 0.80
0.70 u . o 0.70 0.70 m Z forma 0%
° ® 7 forma 0%
0.60 - 7 forma 0% 0.60 o . R 15 0.60 + Z forma 16%
030 « 8 o Z forma 17% 050 ® Z forma 16% 020  Z forma 20%
0.40 L} ¢  Z forma 23% 0.40 .3 ® 7 forma 32% 0.40 ® 7 forma 30%
7 o
0.30 ! o ® 7 forma 27% 030 | ope Z forma 49% 0.30 07 forma 49%
0.20 §° % O Z forma 44% 0.20 3’ 0.20
*

0.10 . E b 0.10 > 0.10
0.00 @ 0.00 0.00 @

0 200 400 600 0 50 100 150 200 0 50 100 150 200

Laiks, h Laiks,h Laiks,h
(a) (b) (c)

3.35. att.Formas A parveérSanas pakiape dazdu sastivu formu Z un X maisijumiem dazadas
temperatiiras: (a) 70 °C; (b) 80 °C, (c) 90 °C

No 3.35. attla ir redzams, ka iggas formas A masas fa\ertibas ir tuvas viena otrai
visas eksperimenta tempeifigds un visos maigimos. Rzu mrejas laik formas Z daudzums
maigjuma samazias loti nedaudz vai pat nemam 70 un 80 °C temperat, ko var noerot,
ja saidzina maigjuma pulvera difraktogrammaszd visas formas X grejas par formu A,
forma Z ir stabila un negpiet par formu A. Tru formu A iedist 90 °C temperata.

Fazu parejasatrums ékuma déa ir viemads visiem maigumiem, bet tas samazis,
pieaugot formas Z daudzumam nipima. Atraka formas A veidoSdis no tras formas X
notiek &ipec, ka maiguma paliekot fornram A un Z, fareja no formas Z uz A ichaka neld
no formas X uz A.

Formu M un X maigumos (3.34. att.) formas A masadalatkatba no laika samazis,
palielinoties formas M daudzumam. Formu X un Migada varetu notikt &ds pats process
ka formai Z, bet attlojot datus koordiates wy-laiks (3.36. att.) ir redzams, ka cigth @arejai

ir cits raksturs.
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3.36. att.Formas M masas d#a atkariba no laika cietfazu pareja X+M—A 90 °C temperatfira

No 3.36. attla ir redzams, ka formas M daudzunikisma palielimjas, bet elak
samazifjas. No & var seciat, ka polimorfi forma X var griet forma M, ja paraugs jau
sakotngji satur formu M. RZu pareja no tras formas X uz formu M nav nénota.
Eksperimentaakuma no formas X veidas gan forma M, gan forma A. Paalveidojoties
gan formai A, gan amM, fazu parejasatrums no formas X uz Alkva mazks, saldzinajuma
ar fira formas X formas paraugazti @reju. Velak formas M veidoSais vairs neturpifjas,
jo termodinamiski staliika ir forma A, kura izkonkur formas M veidoSanos.

Kopsavilkuma dala

Cietfazu parejas g@tijumi, kur pstamie objekti ir vielas divu polimorfu maisimi, ir
nepiecieSami viegli interprgamu rezulitu iegiSanai, jo vaidku dazdu polimorfo formu
maigjumi var dot kompli€tus un giti modeEjamus rezubitus. Rtijjuma noskaidroja, ka
maigjumos ir iespjama arf tada fazu pareja, kura nav iegama no tra polimorfa.

Formu M un X maigumam ir liekks ieguldjums formas A veidoSas proces neka
formu Z un X maigumam. Formu M un X maipma cietfazu parejas gdkuma notiek 2
parakli procesi, kuri 8kuma viens ar otru konkdr Formai Z nav ietekmes uzzu parejas X
— A atruma izmapam, jo forma Z attiergajos apgiklos ir pietiekami stabila, lai neietekin
formas A veidoSanos. Na war seciat, ka pietiekami termodinamiski stabili polimorfav
neietekngt stabikkas formas veidoSas kinetiku.

3.4. Farmaceitiski aktvo vielu pildvielu ietekme uz akivas vielas stabilifiti
un fazu parejas atrumu

Parasti literatra publiceti petijumi par akivas vielas stabiliti, kas izdaiti ar iru vielu.
Sadi petijumi nepilngi atspogip situaciju ar akivas vielas stabilitti tableSu sasva. Gala
produke aktiva viela ir kog ar daZdam pildvielam, kuras parasti sasla liekko tablesu

masas da. Tapcc talakie petijumi paiadis divu akivo vielu termodinamiski nestabilo formu
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stabilifati un fazu parejasatrumu izmanas atkeaiba no pildvielu veida un daudzuma paraug
Izveletas &das pildvielas: magnija un kalcija statgr kalcija karbo#ts, saharoze, celuloze,
laktozes monohidts. Visu iz\&lgto pildvielu molekulu strukiras at&lotas 4. pielikura.
3.4.1. Pildvielu stabilitate 80 °C temperaiira

Pirms eksperimenta, kunosaka akvas vielas — ksilaina hidrognhlorida formas X un
zopiklona formas C stabiditi atkafiba no pildvielu veida un daudzumaksima nosaka pasu
pildvielu stabiliiti 80 °C temperadira. Kalcija karboita, saharozes, laktozes monohidrun
celulozes pulvera rentgendifraktogrammetika nogrotas izmajas [&c to kargSanas vienu
nectlu 80 °C temperata, bet izmahas pafidijas kalcija un magnija stesda paraugu

rentgendifrakcijas a#is (sk. 3.37. un 3.38. att.).

= 100.0
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p
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-{87.0

e e b mp‘l'empcrm iira, i:?m
(a) (b)
3.37. att.Kalcija stearata raksturojums: (a) - pulvera rentgendifraktogrammas paraugiem [gc
karséSanas 80 °C temperatra; (b) — DTA/TG liknes (t. zia — sakuma paraugs; melra — karsets

paraugs)
T, %

8

Jeas

1000073 1 Paraugs (Magnija stearits)
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i as s |
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20004
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(a) (b) .
3.38. att.Magnija stearata raksturojums: (a) - pulvera rentgendifraktogrammas paraugiem [gc

karséSanas 80 °C temperatra; (b) — DTA/TG liknes (t. zia — sakuma paraugs; melra — karsets

paraugs)
DTA/TG anaize veikta, lai izskaidrotu izmgas, kuras notika ar magnija un kalcija

steafitu kargSanas laik (sk. 3.37.(b) un 3.38.(b) att.).
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Var secimt, ka sikotngjie kalcija un magnija steata paraugi bija monohidata veidi, ko
var redzt péc 3% masas zudumiem TG amzdl Kalcija un magnija steatu kargjot vienu
nectlu 80 °C temperata, abi savienojumi sad@s par beadens formam, ko var konstat
no difraktogrammas izmgim, ka af pecc DTA/TG anaizes, kur vairs netika néxoti masas
zudumi. Abas pildvielas eksperimenta kkar dehidratties, bet dlak tas tiks izmantotas
tada veida ka piecadatas, jo #da pa® forma tiek izmantotas & pildvielas gatavo #@u
razoSan. Tapec ir sagaidms, ka abas kon&tas pildvielas vatu ietekntt aktvo vielu
stabilitati vairak nela pargjas pildvielas, kuras attiggos apstklos bija stabilas.

3.4.2. Farmaceitiski akivo vielu termiskasipadbas atkariba no pildvielu veida un
daudzuma s@tkuma parauga

Pildvielas dikst lietot kop ar akivo vielu tad, ja ar DTA/TG anali netiek nogrota
abu vielu mijiedartba [79,80], kas izpauzas kakfivas vielas kuSanas sigila nolide vai
jaunu sigalu paiadiSaras derivatogramm DTA/TG anaize veikta akivo vielu un pildvielu

maigjumiem, ieditie rezultiti atteloti 3.39. atéla. Visu maigjumu DTA rezultiti atteloti 5.

pielikuma.
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130 0——~_a__~__e
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o Celuloze a Kalcija karbondts . (‘?:luluze - © Kﬂ‘Ci?g kﬂ!'b“"ﬁ[go
® Lakiozes monohidrats mSaharoze ® Kalcija stearats A Magnija stearats
o Laktozes monohidrats m Saharoze
(a)
139 175 | o
138 L33 :
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o]
v 136 A 171
<135 170
& ¢ Saharoze ----
134 160 | o Kalcija karbonats - - - -

168 | x Kalcija stearats -
167 | ® Laktozes monohidrats. .

A Saharoze - - - -

132 ¥ o Kalcija karbonats o5 | Magnija stearals —
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131 165
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W ildvicla® * pildviela®
(c) (d)
3.39. att.Aktivo vielu termiskas ipaSbas raksturojoSie parametri atkariba no pildvielu veida un
daudzuma paraudi: ksilazina hidrogenhloridam (a) faZzu parejas temperatira no formas X uz
A; (b) — formas A kuSanas temperaira; zopiklonam (c) - faZzu parejas temperatira no formas C

uz A; (b) — formas A kuSanas temperaira
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No 3.39.(a) un (b) atliem ir redzams, kaaZu parejas temperata no formas X uz A un
formas A kuSanas tempeiied ksilazna hidrognhlofidam samazis, palielinoties pildvielu
daudzumam paraagMagnija un kalcija steara gadjuma abu vielu dehidratijas signali
parklajas ar fiZzu parejas sigalu un tos nav iesggams analizt. Celuloze neizmaifa formas A
kuSanas tempef@u, apat celulozei bija mazs ietekme Wz parejas temperatu, kaner
saharoze un laktozes monolaigrie\erojami izmainja termiskisipasbas.

Saharozes un laktozes it un ksilama hidrognhlorida maigumu derivatogrammas
ir apkopotas 3.40. ata.

Temperatura, ‘C Temperatiira, °C

4 4
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e =y X form:
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7.3 7 T, X->A
Tp, X->A 4 ¥
-4 p
=5 Tk! A
T.,A

1
o]

i
(a) (b)
3.40. att.DTA liknes; (a) — saharozei un maigimiem ar ksilazina hidrogenhlorida formu X; (b)
— laktozes monohidatam un maigjumiem ar ksilazina hidrogenhlorida formu X

No at€la ir redzams, ka majama gaduma derivatogrammas sigh ir sapladusi ko,
no ka var seciat, ka saharozes un ksii@a hidrognhlorida mai§uma, ka af laktozes
monohidata un ksilama hidrognhlorida maiguma ir notikusi fizikala mijiedarbba.
Saharozes un laktozes monobhtdrstruktiras irloti l[idzigas (sk. 4. pielikumu), jo tie pieder
vienai savienojumu klasei - Bgdratiem. Abu savienojumu molekulas satur daudzus
tdenraza atomus, ies@ma sadariba vagtu notikt ar to starpniébu. Laktozes monohiata
gadjuma pastiv vél divi skaidrojumi, kpec DTA nepaiidas formas A kuSanas sigs: 1)
laktozes monohidts dehidratjas, un no krigtla struktiras atbivotais adens var izgidinat
ksilazna hidrognhloidu (@den &istoSo savienojumu kfdiba parasti palielis,
paaugstinoties tempefahi) [81]. Zopiklona gafuma Sdu ipasbu neno¥ro, jo tas ir
praktiski negistoSs aden [33]. 2) Laktozes monohidgts kist atrak neld ksilazna
hidrogenhlorids, idz ar to ksilams var iz&ist izkausta laktoz. Sie divi skaidrojumi neder
saharozes un ksilam hidrognhlorida maiuma gadiuma, jo saharoze nepast hidrata

forma, ka afi ta nekist zenaka temperaira par ksilazna hidrognhloridu.
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Japiebilst, ka temperatas efekti ne viengr ir saistti ar potencilo mijiedarlibu starp
akftivo vielu un pildvielu, reizm tos dod arfaktori, kuri ir saisiti ar maigjuma komponentu
tirtbu.

No 3.39.(c) un (d) attiem ir redzams, ka nepiecieSartemperaira zopiklona iZu
parejai no C uz A palielias, pieaugot pildvielu daudzumam paraubet formas A kuSanas
temperaira praktiski nemairs. Kalcija stea@ta un laktozes monohigta dehidratcijas
sigrals parklajas ar zopiklonadzu parejas sigalu, un magnija steara dehidraicijas sigals
derivatogramra vispar nav redzams (5. pielikuma 2. @s). Pildvielas maak ietekne
zopiklona fiZzu parejas temperatu nelkd ksilazna hidrognhlorida gadiuma. leprieks tika
mingts, ka zopiklons ir praktiski ngfstoSstuden, tapec iesgjams, ka tam mak mairas
ipa8bas maigumos ar pildviedim, kuras ir hidita forma.

lepriek&jas noddas tika zhots, ka ksilama hidrognhlorida fiZu pareju no formas X
uz A ietekng relafvais gaisa mitrumsapat ar tika apskats, ka paaugstiita temperaira
formas A veidoSais ir atkarga no formu X un H daudzumiemagkc kalcija un magnija
steafita monohidita un laktozes monohigta maigjuma gad@uma termiskoipadbu izmanas
var tikt skaidrotas afidens izdaBanos ana@es laik, kas vagtu veicirat atraku formas A
veidoSanos. dpat pildvielu virsma var veicht atraku akivo vielu polimorfu pareju vai
kusanu, jo var notikt aktas vielas absorbcija pildviel[82]. Sis process var vei@nakivas
vielas déinas samazisanos, jo palielinapatrgjo virsmu. Ipatrgjas virsmas palieliiSaris
var veicirat atraku fazu parejas norisi. leprieks tika miéts, ka ksilama hidrognhlofida fzu
parejasatrums no X uz A pieaug, palielinoties formas Xigda lielumam.

Lai parbaudtu, vai pildviela un akva viela neveiddimisko mijiedaribu, tika unemti
infrasarkanie spektriKimisko mijiedarlbu paéditu sigrilu nolde vai kdu jaunu joslu

pafmdiSaris spektros [83].
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3.41. att.Ksilazina hidrogenhlorida un pildvielu maigjumu IS spektri: (a) — saharoze; (b) —
kalcija karbonats; (c) - kalcija steafta hidrats; (d) — laktozes monohidats; (e) — magnija

stearata hidr ats; (f) - celuloze

i \ A
| — Zopiklons )
— MaisTjums - Zopﬂilnns
' — Kalcija karbonats = MalS_I:IUlﬂS
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(e)

3.42. att.Zopiklona un pildvielu maisijumu IS spektri: (a) — saharoze; (b) — kalcija karlbnats;
(c) - kalcija stearata hidrats; (d) — laktozes monohidats; (e) — magnija stea#ita hidrats; (f) -
celuloze

legitos rezulitus var apskat 3.41. un 3.42. &los. Ka redzams, tad ne ksilama
hidrogenhlonda, nedz arzopiklona gagjuma nav noérojuma maigumu sigrilu nolde, ka
arn jaunu sigalu paadiSarss. Sigralu nolide ar netiek konstata maigjumiem ar pildvieim,
ar kuam bija nowrojama fizikala mijiedartiba. Kimiska mijiedariiba starp pildvielu un

akftivo vielu tiek noerotaloti reti [83].
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No rezultitiem var seciat, ka visas izmantas pildvielas vaiitk vai mazk veicinas
atraku fazu @reju no ksilama hidrognhlorida formas X uz A, bet mak ieteknes zopiklona
fazu @reju no formas C uz A.

3.4.3. Farmaceitiski akivo vielu fazu parejas kingtika atkariba no pildvielu veida
un daudzuma

Eksperimentam sagatavotie mpimi tika iztuti 80 °C temperatra. No ieditajiem
datiem apgkinatas abu #Zu parejasatruma konstantes (ksilam hidrognhlorida ga@uma
izmantots CNNG vierdojums, bet zopiklona ggdma — pirnas pakipes vieadojums) un
fazu parejas pusperiods (laika ggis, ku puse no termodinamiski nestalsilformas ir

parveértusies). legtie pusperiodi ir apkopoti 3.43. &l.
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(a) (b)

3.43. att.Nestabilas formas pusperiods atkatba no pildvielu veida un daudzuma: (a) — ksilaina
hidrogénhlorids, (b) - zopiklons

No 3.43.(a) atla ir redzams, kaaku parejas pusperiods ksilam hidrognhlofida
formai X pieaug, palielinot saharozes un laktozesiohidata daudzumus paraaigCeluloze
neietekn® pusperiodu, bet kalcija karbata, magnija steata hidata un kalcija steata
hidrata daudzuma paliela8ana samazina pusperiodu. Ja Sos msltsaildzinam ar DTA
datiem, tad abos ggdmos rezulitus visvaigk ieteknt saharozes un laktozes pievienoSana
paraugam. Kalcija karbats tikai nedaudz maina pusperiodértibu @ noteikSanas lkdu
robezs, no k izriet seciajums, ka tas iitiski neieteknd pusperioda &tibu.

No 3.43.(b) atila ir redzams, ka zopiklona gauma pildvielas var iedat divas grugas
— vienas palielina, bet otras samazina pusperiédzou formai C. Pildvielas mak ietekn&
pusperioda &tibu izmahas zopiklonam, salzinot ar ksilama hidrognhloridu, kas atkal
korek ar DTA rezulitiem. Tas paSas pildvielas, kuras samamnzopiklona C formas

stabilitati, samazina arksilazna hidrognhlorida formas X stabiliti.
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No ieditajiem rezulitiem ir redzams, ka izmantojot noteiktas pildvielesiesggjams
gan samazit, gan ar palielinat aktivas vielas stabiliti, I1dz ar to izmaift gatavo 2lu formu
defiguma termiu, kuras s ir stabilas.

Aprekinatas fazu pareju atruma konstantes ir apkopotas 3.5. tabul

3.5. tabula
Aktivo vielu faZzu pareju atrumu konstan3u atkariba no pildvielu veida un daudzuma

Pildviela  Wigvieta % Klfll,agar?-? hldrognt](l(;ﬁgls Wihiiavietas %0 ZOE, Ilﬁ?ns
0 5.710° 0.29 0 0.11
Saharoze 30 1.7102 0.11 30 0.080
50 5.910 0.16 50 0.074
70 7.910° 0.10 70 0.052
0 7.510° 0.10 0 0.10
Kalcija 30 1.3102 0.093 30 0.15
karborfits 50 7.810° 0.15 50 0.18
70 2.010° 0.24 70 0.14
0 4.110° 0.18 0 0.09
Celuloze 30 1.11crj‘1 0.31 30 0.074
50 1.210 0.33 50 0.065
70 9.310 0.38 70 0.069
. 0 8.310" 0.27 0 0.11
Kalcija 30 1.210° 0.99 30 0.15
Sr’]t%a_ﬁtta 50 4.210° 0.43 50 0.19

arats 70 6.910° 0.29 70 0.17

Magnija 0 1.1102 0.66 0 0.11
ctoaiit 30 1.410r3 0.50 30 0.11
hidrats 50 5.910 0.27 50 0.14
70 1.310° 0.18 70 0.17
0 8.010" 0.64 0 0.090
Laktozes 30 6.010" 0.55 30 0.062
hidrats 50 9.210° 0.56 50 0.064
70 2.910° 0.50 70 0.062

No 3.5. tabulas ir redzams, ka zopikloadu pmrejas C— A atruma konstante [kst
lielaka, ja @kuma paraugam ir pievienots kalcija un magnija rataahidats un kalcija
karborats, bet maaka, ja pievieno saharozi, celulozi un laktozes nmh@tu. Magnija un
kalcija steaita dehidratcija, iesgjams, veicina zopiklona formas A veidoSanos. Kalcij
karborata gadjuma ir iesggjams, ka formas A veidoSanos veicinad& cits faktors, k&
pildvielu virsmas vai piemdaigima efekts.

No 3.5. tabulas ir redzams, ka ksilza hidrognhlorida fizu @reju X — A apraksta ar
divam atruma konstaim — aizmeju veidoSanos un to augSanu. AizmeveidoSaas atruma
konstante samazis, palielinoties saharozes, kalcija karftan celulozes un laktozes
monohidata daudzumiemagkuma paraug bet palielids magnija un kalcija ste#a hidiata
gadjuma. Konstantes paliela$anos var izskaidrot ar abu pildvielu dehigcgti un gaisa

mitruma veicinoSo ietekmi uz formas A aizmet veidoSanos. Laktozes monolaitdr
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eksperimenta aplos ir stabils, dz ar to fZu parejas atrumu neietekrd. Aizmetu
augSanasatruma konstante palielis kalcija karboata, celulozes un kalcija stasa
gadjuma, bet samaziis vai nemaiis @Eréjo pildvielu gadjuma. Fazu parejas pusperioda
vértibas nemaiijas, kad paraugam tika pievienota celuloze, betatroma konstantes
vertibam konstatja, ka aizmeiu veidoSads atrums samazijas, un augSanasciiba
palielinajas. No & var seciat, ka koggjo procesu celuloze v&u neieteknat.

Safkdzinot kogjos rezulstus, var seciit, ka saharoze un laktozes monohislr
samazina #&u parejas atrumu gan zopiklonam, gan ksitaa hidrognhloridam, 1dz ar to
neveicinot abu vielu termodinamiski stakib formu veidoSanos, kanmagnija un kalcija
steafita hidats palielina fizu @reju atrumu. Magnija un kalcija ste@a hidati ir visbiezak
izmanto&s pildvielas farmaceitisk@j ripnieaba tableSu razosSan tapéc to izmantoSana
jaizverte, ja var notiktatraka termodinamisis formas veidoSas, iesaistot pildvial esoSo
tdens daudzumu.

Kopsavilkuma dala

Gatavo 2lu formu tableSu razoSanai, veicot pildvieludizvnepiecieSams veikiipigu
akftivo vielu un pildvielu fizikilo mijiedartibu izgeti, jo tadu mijiedarbbu eksistence var rad
nepiecieSaitu aizsit pildvielas ar cam, kuras neveicina mijiedaitu. leditie rezultti tapat
afi pamdija, ka pildvielas var ne tikai samazirakfivas vielas stabiliiti, bet ar to palielirit,
kas ir lutisks faktors pierdot Alu vielu (tableSu) deéguma termiu un glalaSanas apsklus.
Aktivo vielu un pildvielu maigumam gveic ne tikai termiskapadbu parbaude, bet arfazu
pareju Etijjumi paaugstiatas temperatras, jo di eksperimenti var dod citu ainu rreRTA
anaize, la tas bija zopiklona un pildvielu majmu gadjuma. Stabikko formu veidoSais
bija atkarga no pildvielu daudzumaalsuma paraugy tapec nepiecieSams izutct kritisko
masas daudzumu gala prodyla &ada veida tiek ietekntta @ stabilitate.

3.5. Ksilazna hidrogénhlorida sohatu ipadbas paaugstirata spiediera

Ksilazina hidrognhloridam in-situ reAma dimanta 8na iegiati seSu daxu formu
monokristli. legatas monokrisilu fotogafijas ir apkopotas 3.44. ats. legita viena

polimorfa forma Z un pieci sohti.

80



0.1 mm

3.44. att.legitie ksilazina hidrogenhlorida monokristali dimanta Sana: (a) Z forma, (b) hidrats
H1, (c) hidrats H2, (d) hloroforma sohats, (e) dihlormetina solvats, (f) izopropanola solhdts

No 3.44. attla ir redzams, ka katrai ksilama hidrognhlorida formai ir sava krigtu
morfologija. Dazdu formu ie@gSana atkaga no izmantat idinataja, ka afm no &, kuru no
ksilazna hidrognhlorida formam izmanto, lai ieQtu piegtinatu %idumu pirms
kristalizacijas veikSanas. K &idinataju izmantojot metanolu, ieguva divas ksilea
hidrogenhlorida formas — polimorfu Z un highu. Tas, kura no foram kristali£jas, bija
atkafgs no metanaliz&idinatas formas: ja iZ&idinaja bezidens formu, tad veidag zemas
temperairas termodinamiski stataka forma Z [58], bet ja hiditu, tad rads hidats. Saj
darka pirmo reizi ieguva formas Z monokriti, kuram veica rentgendifrakcijas afzal un no
iegutajiem datiem atrisija strukfiru. Lidz Sim literaiira [76] formas Z strukira noteikta no
pulvera rentgendifraktometrijas datiem. Hit@r kristls ir stabilsidz 0.60 GPa, bet forma Z —
Iidz 0.20 GPa. Virs attiggajiem spiedieniem veidag polikristliska masa, kura trag@a
kvalitativu datu upemSanai. Formas Z gguima veikts tikai viens rarijums, un noteild
strukiira sakrita ar literata at€loto un apraksto struktiru [76] (strukfiras kristalogifiskos
datus skat 2. pielikuma 2. taba), bet hidata gadjuma veikti vairaki merijumi pie dazdiem
spiedieniem idz 0.60 GPa. Pirmo reizi raksturotas kgitaz hidrognhlorida hloroforma,
dihlormetna un izopropanola sditu struktiras, kuru veidoSas ir konstatta ieprieksjos
petijjumos. Hloroforma soBta gadjuma veikti 4 nerjjumi dazdos spiedienos, izopropanola -
2, bet dihlormeina gadijuma raksturotas tikai reza parametru artibas.
3.5.1. Ksilaana hidrogenhlorida hidrata stabilitate, paaugstinoties spiedienam

Spiedienam paaugstinoties virs 0.41 GPa, koatgtuna hidita polimorfa veidoSanos
(talak apaZmets ar H2), itad spiediena ietekénnotika &zu pareja. Hidéta polimorfa (H2)
kristaliskaja reZsi bija divas neatkagas formulviefbas (Z'=2), saglaot monokino
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singoniju un P2;/c simetrijas grupu. Abu hid@tu reZa parametru izmaas saigba ar

spiediena palieli@Banos ir apkopotas 3.45. un 3.46clat.
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3.45 att.Ksilazina hidrogenhlorida polimorfo formu H (a) rezga parametru un (b) g lenka

izmainas, pieaugot spiedienam
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3.46. att.Ksilazina hidrogenhlorida polimorfo formu H tilpumu izmai nas, pieaugot spiedienam

No 3.45. un 3.46. adiem ir redzams, ka ir gstraukums koordiates starpa-p un f—p
vertibam, kas ir mazk nowerojams V-p un [@argo rezga parametru &tibu grafiki. Sada
rezulaitu nevienidziba néauj spriest, vai notikusi pirinvai ota veida fiZzu pareja starp
formam H1 un H2. Pirra veida fizu parejam ir partraukums, bet ofrveida — neprtraukiba
[84].

Tatad ir iesgjams monokino singoniju atilot ar citu a malas garumu ui lenka
vertibu, saglabjot iepriek€jo b,c malu garumus un krigitezga tilpumu V. lesgEjamais
parveidojums ir paadits 3.47. attla, kur ir redzams, ka ir iepriek&ja, beta’ - jaurs vertiba.
Tapat ABCD ir iepriek8jais kristlrezgis, bet BCED - jaunais.
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A C

3.47. att.Monoklino singoniju parveidojums a malai un g lepkim

Attiecigi parametru frrekini tika veikti pie 0.41 un 0.60 GPa igtgjam struktiram,
kuru dati atlikti koordiates f/—p una (b, c}p, un paiditi 3.48. atéla.
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3.48. at. Parr ekinatas ksilazna hidrogenhlorida polimorfo formu H (a) rezga parametru un (b)
p lenka izmainas, pieaugot spiedienam

No 3.48. attla ir redzams, ka abjot datus koordigtes a-p un f—p, partraukumu vairs
neno\ero, kas nadda uz oti veida izu pareju starp H1 un H1 foram.

Abu hidratu struktiras ir Joti lidzigas gan § molekulu geometrijas, gan arpec
molekulu novietojuma krigtrezgt (skat. 3.49. att.).
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3.49. att.Abu hidr atu molekulu sakritiba kristaliskaja rezgi perpendikulari b asij: H1 (zils) un
H2 (sarkans)

Butiskakas atkiribas starp abiem higlfem ir a ass malas garuinkura H2 strukira ir
gandiz divas reizes gaka nelkd H1 strukfira, ka af ir noverojamas at§iribas molekulu
izkartojuma, tas projiccjot perpendikudri a asij (skat. 3.50. att.).

3.50. att.Ksilazina hidrogenhlorida molekulu pakojums perpendikufri a asij: (a) — H1, (b) —
H2

No 3.51. agtla ir redzamas aiaku pareju saisitas molekulu izmajas spiediena ietekin
b ass virziea.
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Spiediens

(b)
3.51. att.Ksilazina hidrogenhlorida molekulu pakojuma izmaipas spiediena ietekra: (a) —
forma H1; (b) — forma H2

No 3.51. attla ir redzams, ka molekula (ap®ta ar A), kas veido atseki§ shni H1

strukiira, spiediena ietekinparvietojas uz blakus esosuasi. Pec fazu rejas molekulas ir
novietojuds &, ka &s vairs neveido atsekid skni forma H2. Notiekot sinu apvienoSanai,
struktiras projekci perpendikudri a asij @rklajas divi ksilazna molekulu dihidrotiaina
gredzeni.

Apltkojot tidegrazu saiSu mdtus, var secifit ka forma H2 neveido jaunas saites, un

saiSu mawi abu hidatu polimorfiem ir vieadi.
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3.52. att.Ksilazina hidrogenhlorida hidrata esoSo smago atomu d@tumu izmainas, pieaugot
spiedienam

No 3.52. attla (atomu numecija dota 2. pielikuma 2. @t&) ir redzami agtlumi starp
smagajiem atomiemidegraza saits atkatba no spiediena. Ir redzams, ka4 ar spiediena

palielinaSanos afilums starp smagajiem atomiematiski nemainas. Saidzinot abas
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neatkatgas molekulas form H2, ir redzams kaaim katrai ir ciidasipa3bas — viead forma

atalums starp smagajiem atomiem paliarvai nemaias, bet oti tas samazis.

15+
—a— C(14)-C(9)-C(8)-N(7)
—e— C(11)-C(8)-N(7)-C(2)
104 —=—C(8)-N(7)-C(2)-N(3)
—e— C(B)-N(7)-C(2)-S(1)
—=— N(7)-C(2)-S(1)-C(6)

ATorsijas lenkis, °

9w
0.00 0.10 0.20 0.30 0.40 0.50 0.60

Spiediens, GPa

3.53. att.Ksilazina hidrogenhlorida ksilazina fragmenta dihedralo lenku vertibas, pieaugot
spiedienam

Dihedulo lepku starpbas starp lielumiem paaugsiii spiedie un nornalos apsiklos
ir apkopotas 3.53. a@tf. Ir redzams, ka pieaugot spiedienam dazu dihedenku Vertibas
palielinajas, bet citos gaghmos is nedaudz samazipas. Liekkas izmahas bija par 13°, ko
noweroja starp dihedtajiem lepkiem (tpo42tp=0) formas H1 strukira. Vislielakas izmahas
notika starp tiem lgkiem, kuri ir starp abiem gredzeniem: C(8)-N(7)-C&L) un C(8)-N(7)-
C(2)-N(3), jo tie ir elagtaki neka pargjie.

| H10GPa
| H2041GPa

)LLMMJL ML SN e e

2®°

3.54. attNo monokristala struktaras datiem simukto pulvera rentgendifraktogrammu

salidzinajums H1 un H2 paraugiem
No ieditajiem rezulitiem ir redzams, ka abi higtu polimorfi sad starg ir loti l[idzgi.

Salkdzinot abu hiditu pulvera difraktogrammas, kas sigtaks no strukiras datiem (3.54.
att.), ir redzams ka daudzu refleksu jogas ir sakitoSas vai idzigas. H2 pulvera
difraktogramm ir nowrojami dazi jauni refleksi. Abu hidtu maigjumam nornilos
apstiklos ar pulvera rentgendifraktometrijas metodiubloti griti at&irt atseviku hidrtu
refleksus. lesgams, ja 8ds maigums ir bijis, tad tas nav identifits refleksu idziga
novietojuma dl.
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3.5.2. Ksilaazna hidrogenhlorida jaunu kristalisko formu kristaliz acija,
izmantojot paaugstinatu spiedienu

leguti triju ksilazina hidrognhlorida solétu (ar hloroformu, dihlormahu un
izopropanolu) monokrisli, kuru veidoSaas bija konstatta af iepriek&jos pEtijjumos [61].
Kristalizacija no hloroforma, ja tajpirms eksperimenta ir ig&inata befidens formajava
iegat hloroforma solatu. Sidinot hiditu, iegdist hidita monokrisilu, kura struliiras dati ir
atspogloti jau iepriekS pie 0.23 GPa. Dihlorraed soldta gadjuma veica kristla
rentgendifrakcijas anali un noteica, ka tas kristadijas triklinaja singonif, bet strukira
netika atrisiata, jo iedito datu apjoms nebija pietiekams. Izopropanolaasalgtruktira ir
atrisimata, bet, & redzams no 3.55. alh, tad &idinataja molekula Sa struktira ir
nesakrtota. Izopropanola saitam ir izdafrti merijumi pie divam spiediena &rtibam.
Nesalirtotiba izopropanal pasiv gan 0.21 GPa, gan 0.60 GPa stiiikt

V%V%V

3.55.att.Ksilazina hidrogenhlorida izopropanola sohdta viena formulu vieniba

3.56. att.Ksilazina hidrogenhlorida sohatu molekulu pakojums: (a) — hloroforma sohats; (b) —
izopropanola sohats
Abu sohatu strukfiras ir pafiditas 3.56. a#la. Tie abi kristaligjas triklinaja singonip
ar Z'=1. No atila ir redzams, ka abos sates ksilazna molekulu pakojums iioti lidzigs @
ass virzien). Hloroforma soldts ir karalu solvats, ko var uzskami redzt 3.57.(a) atila, bet
izopropanola solta neveidojas negtraukti karali ar &idinataja molekuim, ko var labi
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redzt 3.57.(b) agla, kura paaditi partraukumi starp izopropanola molekol. Sadu at&irigu
Skidinataju molekulu novietojumu var saistar katra Eidinataja molekulas tilpumu, kas
izopropanolam (60.18 chmol?) ir maziks nek hloroformam (69.07 cfhmol®), ka an
izopropanai eso3ais stbela atoms veidaidepraZa saiti ar ksilana katjona sphibridizeto

anina shpekli NH.

(b)

3.57. att.Ksilazina hidrogenhlorida sohatu Skidinataju molekulu aizpemtas telpas atélojums:

(a) — hloroforma sohats; (b) — izopropanola soldts

No 3.56. attla ir redzams molekulu izvietojums abu sulv kristilu strukiiras.
Hloroforma soldta a ass virzieA molekulas ir saktojus&s sknos, kur vied slani esods
molekulas ir orierdtas viela virziera, bet divi shni ir viens pret otru novietojoSies
antiparatli, veidojot ksilazna molekulu dubultghus, starp kuriem atrodas hloroforma
molekulas. 1zopropanola sakd a ass virziea ksilazna molekulas veidadzigu pakojumu k
hloroforma sol4ta. Lielakas atiribas ir &idinataja molekulu izvietojur, kur izopropanola
molekulas neatrodas starp ksilzee molekulu dubultghiem, bet gan vien slani eso&s
izopropanola molekulas novietojas starpadivksilazna molekuim, veidojot molekulikedi,
kuru var apmmét ka ABABA Lidz ar to ksilaina molekulas neveido dubusl ka hloroforma
solvata, tormer pasu ksilama molekuluzeometriskais novietojums abiem sailem ir idzgs.

Hloroforma soldta viens ksilama fragments veido divasdepraZza saites ar hita
anjoniem, veidojot grafu kopu’R6), tiesi tipat ki formas A gaguma. Izopropanola sokta
izteiktu grafu kopu nevar saskatbet ksilazna fragments ar hlata anjonu un izopropanola
molekulu veido grafu kopu 4X8), hlofida anjons un izopropanola fragments veifitzigu
molekulu izkirtojumu kK formas Z un X, bet vienu hldda anjonu aizvieto izopropanola
molekula, un divi ksilaina katjoni ir novietojuss viers virziema, nevis antiparali.

Hloroforma soldta starp ksilama fragmentu un hloroformu neveidsj stipras
udenraZza saites. Hloroforms veido viergdlepraza saiti ar hlada anjonu, turkit abas %
saites veida@s ar diviem da@iem hloroforma fragmentiem. Starp ksilaa fragmentu un

hloroforma fragmentu veidag \ajas tdegraza saites. lzopropanola satlv idenraza saites
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veidojas starp ksilaina fragmenta H7A un izopropanolaabkKa atomu, k arn starp H3A un
hlorida anjonu. Pietiekami stipf@earaza saite veidag starp izopropanola fragmenta H2A
atomu un hlada anjonu.

Abi solvati ir stabili idz 1 GPa spiedienam, bet adgst spiedied solvati saka
sadaities @ipat ki hidrats, veidojot polikrisilisku vielu. Abi sohati ir nedaudz stakiki
paaugstiata spiediela neld hidrats, jo tie sadak nedaudz alak.
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3.58. att. Ksilazina hidrogenhlorida sohata (a) — reZa parametra un (b) lenku izmainas,

pieaugot spiedienam
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3.59. attKsilazina hidrogenhlorida sohatu tilpuma izmainas, pieaugot spiedienam

Reza parametru artibu un tilpuma izmaias idz ar spiediena palieliS8anos ir
redzamas 3.58. un 3.59.&kts, kuri Bda ka krisilrezgu vertibas @, b unc malas) un tilpums
samazias, palielinoties spiedienam. No pazparametru &rtibam ir redzams, ka hloroforma
un izopropanola soffu struktiru a unb malu garumi ir vieadi un uzéda vieradasipa3bas,
palielinoties spiedienam. Aggibas irc malas garum kura ir gaiika hloroforma solsta.
Dihlormetina solata malu garumi ar hloroforma un izopropanola swdm nav tik 1dzgi,
bet pilngakai izpratnei itu nepiecieSami papildugfijumi. No lepku vertibam (sk. 3.58. att.
(b)) ir redzams, ka tie ir ligki izopropanola solata, kam par iemeslu vaiu bat atirigais
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Skidinataju molekulu novietojums. Hloroforma un dihlorraeé solata lepku \eértibas ir
lidzigakas sa@ starf, bet dihlormetna soldta esoSo lgku \ertibas sa¥ starf ir tuvakas
viena otrai nek hloroforma solata. No 3.59. aftla ir redzams, ka makais kristilrezga
tilpums ir dihlormeina soldtam, bet stradks tilpuma samazijums ar spiedienu ir

no\erojams izopropanola saltam.
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3.60. att.Ksilazina hidrogenhlorida hloroforma solvata (a) — smago atomu agtlumu un (b)
dihedralo lepku izmainas, pieaugot spiedienam
3.6. tabula
Izopropanola sohata smago atomu atilumu un dihedralo lenku izmainas, pieaugot spiedienam
0.21 GPa  0.60 GPa

Cl---N(H)= 3.105 3.090
"Cl- - -N(H)- 2.800 3.200
(CHy),CH(H)O- -:Cl 3.224 2.827
-HC(10)- - - C(17),CHCH:OH 3.379 3.399
Cl---C(6)- 3.653 3.558
C(15)-C(13)-C(8)-N(7) 453 4.77
C(13)-C(8)-N(7)-C(2) -95.17 -95.31
C(8)-N(7)-C(2)-N(3) -179.94 -179.91
C(8)-N(7)-C(2)-S(1) 4.56 7.12
N(7)-C(2)-S(1)-C(6) 179.59 177.81

No 3.60.(a) atla ir redzami afilumi starp smagiem atomiem, palielinoties spiediena
Starpatomu aitumi samazis, jo spiediena ietek&nsaik kristalrezgi esod briva telpa, bet
notiku&s izmanas ir nelielas. Dihedlo lenku \ertibu (3.60.(b) att.) izmaas idz ar
spiedienu nav viennaimigas, jo 8kuma dazu leku \ertibas pieaug, betép tam samazis.
Dihednlo lenku neparedzaas izmanas vagtu bit saisitas ar to, ka izejas dati bija ar sliktu
kvalitati. Lai iegatu lakikus datus, @u nepiecieSamas veikt molekulgeometrijas
optimizaciju pie attie@ga spiediena. Apskatot 3.6. tabullofis izopropanola soiita smago

atomu atilumu izmanas pieaugot spiedienam, ir redzams ka apskadtGlumi parsvag
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samazifs, iznpemot starp izopropanola molekulaslsékli un hlordu, ka ain C(10)---C(17).
Taja pa% laika hloroforma solata izmahas atkaiba no spiediena nebija vienniozigas, pec
pilnigakai izpratnei nepiecieSami izopropanola &tdv papildus ptijumi. lzopropanola
solvata dihed&lo lenku izmahas nav tik lielas & hloroforma solata. lesggjams, tas ir saigs

ar to, ka izopropanola saitz starp diviem ksileina katjoniem ir novietojusies izopropanola

molekula, kura vatu apgfitinat dihedélo lenku izmahas spiediena ietekdn

I Simul&ta
I Eksperimentald 1 Simuléta

/Ul

| W "
fi i h .|‘ ‘ i
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\ | |"
WL MM
f | “&_i?.’)@ “@’r U
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(a) ’ () .t

3.61.att. Ksilazina hidrogenhlorida (a) hloroforma un (b) izopropanola soldtu krist aliskas

o : iy l
‘fr e 'L Ilrp mvw‘ |i4 TV Fhrerd) LM ” BJ“V

struktdras paaugstiraita spiediera, simuletas difraktogrammas saidzinajums ar normalos
apstaklos eksperimenili iegato

No 3.61. attla ir redzama simatas un eksperimealas difraktogrammas sakilita gan
hloroforma, gan arzopropanola soitam. Refleksu pazijas un refleksu attigloa labi sakit
hloroforma solitam, bet izopropanola sala gadjuma sakritba ir slikéka un ir nogrojama
refleksu pormiju nesakritba, tongr var seciat, ka abi solati ir iegati arnn iepriek&jos
pEtjjumos.

Kopsavilkuma dala

Farmaceitiski akvo vielu strukiiru petijjumi paaugstiata spiedie@d ir nepiecieSami, jo
ar tiem var modet parvértibas tableiSanas procés ka an fazu parejas glabSanas laik.
Razojot gataas Zlu formas, tiek izmantots paaugats melaniskais spiediens, kas var tad
izmainas akivas vielas strukira un veicirait fazu parejas. No ieQtajiem rezulitiem
konstatjam, ka ksilama hidrognhlofida hidatam paaugstidta spiedied eksist otrs
polimorfs. Abu So formu maigmu batu griati analiZt, jo to kristliskas struktiras ir [oti
tuvas, k& rezul&ta pulvera rentgendifraktogrammas aroti l[idzigas.

Augstspiediena kristalogfijas petijumi lauj dit priekSstatu par akias vielas stabiliti
in-situ reAma, ka af lauj noskaidrot polimorfu un sdltu struktiras, kuras parastos afdbs
nav stabilas, vai kam nav iespjams iedit rentgendifrakcijas arialei pietiekami labas

kvalitates monokristlus.
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SECINAJUMI

1. Pilnveidots CNNG cietfzu prejas Kkirgtiskais modelis, kas ietver aizmat
veidoSanos un to augSanas stadijas. lzveidota stelmaprakstoss diferencilvienadojumu
skaitliskas risiraSanas metode, kas tiek komiia ar daudzparametru optira@jas metodi un
kas gc mazko kvadita metodedauj noteikt stadijuatruma konstantes. Datu apistes
metode satizingjuma ar citiem kirgtikas vieradojumiem dod vismako standartnovirzi
ksilazina hidrognhlofida cietbzu @rejai no X uz A formu.

2. Pilnveidots Kardeva izstdatais Kirgtiskais modelis un procesu aprakstosSo
viemadojumu risimSanas pg&miens, kas pretst@gutora orginalam risirejumam]lau;j pilriba
apraksit eksperimeriios punktus prverSams pakipes robe#s no 0idz 1 koordiates a-t.

3. Ksilazina hidrognhlorida ciethzu pareja H—-X—A notiek divas stadifs. Sikuma
stadip paratli notiek gan dehidratija no formas H uz X, ganiaiazu pareja no formas X uz
A. Atkariba no maingajiem vides un formas H pirmsapstes apgikliem, mairas fazu
parejas atrums no formas X uz A. Tempeiisas, relatva gaisa mitruma un mehiska
spiediena pieaugums veiciaaku formas A veidoSanos no formas X, bet formapairejas
virsmas palieliaSana panina formas A veidoSanos.

4. Zopiklona cietfizu pareja B—»C—A notiek divas stadifs ar pilngu formas B
dehidragSanos Atraka formas A veido3as faZzu pireja no formas C uz A notiek, jalsuma
paraugam pievieno formu B3 lar ja forma B tiek saberzta pietiekami ilgi.

5. Ksilazina hidrognhlorida cietfizu parejas X—A atrums nemaiis, ja dkuma
paraugam pievieno formu Z, joangjas laik ta ir metastabila. ®ejas X—>A atrums
samazifs, ja akuma paraugam pievieno formu M, jo pahahotiek formas X preja uz
formu M.

6. Ksilazina hidrognhlorida un zopiklona termodinamiski metastabiormas stabilitte
samazifs, ja Kk pildvielas tiek izmantoti magnija un kalcija st&ar hidrati, bet stabiligte
palielinas, ja pievieno saharozi vai laktozes htdr Termisk anaize ne vienrér paiada
akfivas vielas un pildvielas majama mijiedarfbu, kas var notiktazu garejas lailk.

7. Ksilazina hidrognhlorida formai H paaugstita spiedie@ pasév otra polimoré
forma. Augstspiediena H2 forma krist&jas monokinaga singonip P2,/c simetrijas grup ar
diviem neatkagiem ksilazna katjoniem elememtSina.

8. Ksilazina hidrognhlorids veido hloroforma, dihlorm@&ta un izopropanola sdtus.

Tie visi kristalizjas triklinaj singonip.
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Ksilazina hidrogenhlorida struktiiras dati

 h14c
Xcf4
HT28H14B

2. pielikums

1. att. Ksilazina hidrogenhlorida formas A struktara, attélota ar atomu elipsadam pie 50%

varbatibas un atomu numeafcija

1. tabula
Kristalogr afisko datu saidzinajums ksilazina hidrogenhlorida formai A
Dati SCXRD* PXRD [76]
Temperaira 173+2 K istabas
Kristalografiska sisEma monokina monokina
Telpiska grupa pP2c P2/c
alA 11.42340(10) 11.5735(3)
b/A 8.6643(2) 8.70728(17)
c A 14.6931(3) 14.8636(3)
pldeg 114.5900(10) 115.1461(18)
v/ A3 1322.37(4) 1355.90(5)
Z 4 4
Refleksi 12236
Kristala izmeri (mm) 0.6 x0.5x%x0.5
Rup 0.130

*Strukturas dati noteiktiSdarba ietvaros no monokri&t
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Formas Z kristalografiskie dati, kas noteikti no monokristala paaugstirata spiediera

Dati
Formula Q2H17N25+C|_
Spiediens, GPa 0.11
Temperaira, K 293
Skidinatajs metanols
Kristalografiska sisEma monokina
Telpiska grupa PZn
alA 12.4207
b/A 11.578
c A 9.3303
Sldeg 97.448
\ A3 1330.5
Z/Z 4/1
H15C
H15A-—L15
H']SB
o S

H4A 2
HaB.ot \
HEA
G5 Neg—
|
H&E

HEE

N7
L1 H11a
H14C

H10A

\014

HT4B H14A

2. att.Ksilazina hidrogenhlorida struktiiras numeracija augstspiediena ptijumos
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3. pielikums

Ksilazina hidrogénhlorida formas H dehidratacijas entalpijas

Dazadi berztu H formas dehidratacijas entalpijas no DSK datiem

AH, J/g
Neberzta 158
Berzta 2 min 169
Berzta 10 min 162
Berzta 60 min 159
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4. pielikums

Izveleto pildvielu molekulu strukt iiras

OH OH
0 O-

HO,
OH O OH
OH

(a)

OH

(e)

()

1. att. Pildvielu molekulu uzbave: (a) — saharoze, (b) — kalcija karboits, (c) — magnija steaits,
(d) — celuloze, (e) — laktozes monohidts, (f) — kalcija steaiats
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5. pielikums
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The compatibility of thermodynamically unstable polymorph of two active pharmaceutical compounds
(xylazine hydrochloride form X and zopiclone form C) with different excipients was investigated. The
effects of the excipient and its amount in the sample on the thermal properties and possible chemical
interactions were studied. The most commonly used excipients in the pharmaceutical industry - calcium
carbonate, lactose hydrate, cellulose, magnesium stearate hydrate and calcium stearate hydrate were

selected for this study. The dependence of the phase transition rate from an unstable to a more stable
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polymorph on the excipients and their amounts in the initial sample was analysed at 80°C, and the
corresponding phase transition rate constants were calculated.
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1. Introduction

Pharmaceutically active compounds can exist in different poly-
morphic and pseudopolymorphic forms [1]. Different polymorphic
forms typically have different stability, solubility, and bioavailabil-
ity [2].

Nowadays, pharmaceutical companies often sell drugs as
metastable polymorphic forms, typically because of the inferior
solubility of the thermodynamically stable forms [3], or intellec-
tual property issues [2]. Particular attention should be dedicated to
the stability testing of pure pharmaceutically active compounds
and formulations, if the commercial form is not the thermody-
namically stable form [4], because it is known that during the
transportation and storage there must be no changes of the poly-
morphic form of the drug product [5]. Many different factors
can significantly influence the stability of drug substances and
promote phase transitions, including the temperature, humidity,
composition of final drug formulations, degree of crystallinity, etc.
[6,7].

It is known that most pharmaceutically active compounds are
formulated with excipients in the finished drug dosage form [8].
An excipient is inactive substance used as a diluent or means of
delivery. These compounds also can serve various therapeutically

* Corresponding author. Tel.: +371 67372576.
E-mail address: kristine.krukle-berzina@lu.lv (K. Kriikle-Bérzina).

http://dx.doi.org/10.1016/j.jpba.2014.12.031
0731-7085/© 2014 Elsevier B.V. All rights reserved.

enhancing purposes, such as to facilitate absorption or solubility
of a drug, or other pharmacokinetic considerations. The excipient
is only usable if it does not interact with the active substance or
other excipients [9], but several investigations have shown that
excipients can interact with pharmaceutically active compounds
[10-12]. The most common methods for screening of the possible
drug-excipient interactions are differential scanning calorimetry,
isothermal stress testing, and microcalorimetry [13]. Physical or
chemical interactions between the drug and excipients can be
identified from the shifting, disappearance, or appearance of new
analytical signal(-s) [12,14]. In thermal analysis, the interactions
between drug molecules and excipients can also introduce changes
in enthalpy values [12].

In the scientific literature often the stability studies of pure
pharmaceutically active compounds are carried out at different
temperatures and relative humidities [15,16], but to predicting
the stability of drug during the transportation and storage, it is
much more useful to investigate the stability of the final drug
product, as excipient/-s can affect the stability of pharmaceutically
active compounds and reduce the shelf-life of drugs [12,17]. The
drug storage conditions recommended in pharmaceutical indus-
try are established according to ICH Guideline Q1A, which states
that stability studies must be performed for final drug formulations
[18].

In this paper the effect of various excipients and their amounts
in the initial sample was investigated, by studying the effect
not only on the API thermal properties, but also on the thermal
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Fig. 1. Molecular structure of (a) xylazine hydrochloride and (b) zopiclone.

stability and phase transition rates of thermodynamically unstable
polymorphs for two active pharmaceutical compounds - xylazine
hydrochloride and zopiclone. The effect of excipients on API ther-
mal stability and thermal properties is presented in many research
articles [11,12,14,19], whereas investigation of phase transitions is
hardly studied [20], although the observed effects might be differ-
ent than those observed in the studies of thermal properties.

These pharmaceutically active compounds were chosen because
both have relatively stable metastable polymorphs that are
obtained after dehydration of the corresponding hydrates and can
be potentially used in the final drug product. The phase transition of
the corresponding unstable polymorph to stable polymorph at ele-
vated temperatures is relatively fast and well-studied for xylazine
hydrochloride [21], while only qualitatively described for zopiclone
[22,23]. The chemical structures of these compounds are shown in
Fig. 1.

The xylazine hydrochloride (2-(2,6-dimethylphenyl)-5,6-
dihydro-4H-1,3-thiazine hydrochloride) is used in veterinary
medicine as a muscle relaxant. It has four known polymorphic
forms (A, M, Z, and X) and several pseudopolymorphs from which
monohydrate is the most stable one [24]. It has been determined
that the form X is the least thermodynamically stable of these
polymorphs, whereas the form A is the most stable at temperatures
above 48 +£1°C. The polymorphs X and A are enantiotropically
related, but the phase transition point has not been determined and
is expected to be below ambient temperature [25]. It is reported
that the phase transition from the xylazine hydrochloride form X
to A occurs by the nucleation and nuclei growth mechanism and is
affected by different atmospheric humidity, mechanical pressure,
and particle size of the initial form X [15].

Zopiclone ((RS)-6-(5-chloropyridin-2-yl)-7-0x0-6,7-
dihydro-5H-pyrrolo|3,4-b]pyrazin-5-yl-4-methylpiperazine-
1-carboxylate) is used in the treatment of insomnia. It has two
pharmaceutically significant polymorphs (A and C), and the form
C has been found to be thermodynamically unstable, whereas
the form A is stable. The polymorphs C and A are monotropically
related [22,23]. It is reported that C is obtained by dehydrating
the dihydrate B, because of the structural similarity of these two
polymorphs [22], but the phase transition from C to A form has not
been reported in the literature.

The excipients used in this study are some of the most commonly
used excipients [8] in the pharmaceutical industry - magnesium
stearate hydrate, calcium stearate hydrate, lactose hydrate, micro-
crystalline cellulose, calcium carbonate and sucrose. Although the
amount of excipients added to the final drug formulation is dis-
tinctly different (20-65% for sucrose, 1-75% for cellulose, 0.25-5%
for magnesium stearate, up to 1% for calcium stearate, and not spec-
ified for lactose monohydrate and calcium carbonate [8]), identical
amount of the excipients was added to the APIs in this study: 30%,
50% and 70%.

2. Materials and methods
2.1. Materials

Magnesium stearate hydrate and calcium stearate hydrate
(Peter Greven, Venlo, The Netherlands, >99.5%), microcrystalline
cellulose (JRS Pharma, Rosenberg, Germany, >99.5%), lactose
hydrate (DMW Fonterra Excipients, Goch, Germany, >99.5%), cal-
cium carbonate and sucrose (Sigma-Aldrich, Germany, >99.5%)
was used. Xylazine hydrochloride (99.9%) and zopiclone (99.9%)
were supplied by JSC Grindeks (Riga, Latvia). The purity with
respect to phase composition of all of the used compounds was
confirmed by powder X-ray diffraction (PXRD) analysis.

2.2. Preparation of pharmaceutical active compounds unstable
forms

Preparation of xylazine hydrochloride polymorph X was per-
formed as follows: the supplied sample was recrystallized from
water and dried at the ambient temperature. The obtained sam-
ple was then thermostated at 50 °C temperature for 2-4 days. The
phase identity of the X form was confirmed by recording the PXRD
pattern and comparing with the literature [24].

Preparation of zopiclone polymorph C: the supplied sample was
recrystallized from water and dried at the ambient temperature.
The obtained sample was then thermostated at 50 °C temperature
for 1 day. The phase identity of the form C was confirmed by recor-
ding the PXRD pattern and comparing with the literature [22].

2.3. Preparation of samples

Physical mixtures of xylazine hydrochloride or zopiclone with
each of the selected excipient were prepared in the 30:70, 50:50 and
70:30 (w:w) ratio by simply accurately weighing the components
using analytical balance and mixing in the weighing bottle. The
mixing time necessary for preparation of homogeneous mixtures
was approximately 1 min.

2.4. Powder X-ray diffraction

The PXRD patterns were determined on a Bruker D8 Advance
(Bruker AXS GmbH, Karlsruhe, Germany) diffractometer equipped
with a LynxEye position sensitive detector, using copper radiation
(CuKo) at the wavelength of 1.54180 A. The tube voltage and cur-
rent were set to 40 kV and 40 mA, respectively. The divergence slit
was set at 1.0mm, and the antiscattering slit was set at 8.0 mm.
The PXRD patterns were acquired using a scan speed of 0.2 5/0.02°
going from 7 to 30° (for xylazine hydrochloride) and 3-30° (for
zopiclone) on the 26 scale. To prevent the atmospheric humidity
effect during the analysis, samples were covered with a 10 wm thick
polyethylene film.

2.5. Differential thermal analyses

Measurements were carried out with an Exstar6000
TG/DTA6300 instrument (SII Nanotechnology Inc., Chiba, Japan).
Open aluminium pans were used. Heating of samples from 30 to
250°C was performed at the heating rate of 10°Cmin~! under
100 mLmin~! nitrogen flow. The sample mass was approximately
7 mg.

2.6. Infrared spectroscopy
ATR-FTIR spectra were obtained with a Frontier FTIR spec-

trometer (Perkin-Elmer Inc., Norwalk, CT, USA) with a Universal
ATR Sampling Accessory attachment. A background spectrum was
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recorded before each sample, and a small amount of powder was
placed on the diamond ATR crystal. Spectra were recorded over the
4000-650 cm~! range with 2 cm~! resolution, and built up over 16
scans per sample.

2.7. Stability studies

The prepared mixtures of active compounds and excipients
were pressed in glass sample holders. Then the prepared samples
were inserted in an air thermostat at 80 °C temperature. After a pre-
determined time, the samples were removed from the thermostat
and phase composition was determined using PXRD.

Calculation of the sample composition for the mixtures where
the crystal structure data were available was performed by Rietveld
method with the TOPAS v.4.2. Program (Bruker AXS GmbH). How-
ever, for mixtures where the crystal structure data for at least one of
the compounds were not available, phase composition was deter-
mined with a full profile method [15].

Calculation of the phase transition rate constants was performed
by describing the phase transition of xylazine hydrochloride poly-
morphs using CNNG mechanism and using the corresponding rate
constants [15,26]. To describe the phase transition of zopiclone
polymorphs, first-order rate equation and the corresponding rate
constants were used. This model was found to be the most appro-
priate for fitting the phase transition using linearisation in g(a)-t
coordinates [27]. Characteristic fits in g(«)-t and -t coordinates
are given in Fig. S1, Supporting material.

3. Results and discussion
3.1. The stability of pure excipients at 80 °C temperature

After thermostating pure excipients at 80°C temperature for
one week, no changes in the PXRD pattern were observed for cal-
cium carbonate, sucrose, lactose hydrate, and cellulose, whereas
the PXRD pattern of magnesium and calcium stearate samples had
changed (Fig. 2a and c). Besides the experimental PXRD patterns,
peak positions from PDF-2 database (Release 2013) are also shown.
To understand the phase transitions occurring at 80°C, thermal
analysis of these two samples was performed (Fig. 2b and d).

From Fig. 2 it can be seen that magnesium stearate and calcium
stearate in the initial samples were in a hydrate form. Both com-
pounds are monohydrates, as determined from TG analyses: 3%
weight loss was observed for both compounds, which corresponds
to one water molecule per formula unit.

It was observed that by thermostating magnesium and cal-
cium stearate hydrates at 80°C temperature for one week, both
of these compounds formed non-solvated forms (as determined
by DTA/TG; Fig. 2). Thus, they can dehydrate during the study of
API phase transition process. However, in the following experi-
ments these two excipients were studied in a form that is used in
the preparation of final drug formulations. Therefore it is expected
that these two excipients can affect the stability of pharmaceuti-
cally active compounds more than those excipients that did not
change.

3.2. The dependence of API thermal properties on the excipient
and its amount in the sample

As mentioned above, the excipient can be used only if no
drug-excipient interaction is observed during the thermal analy-
ses. Thermal analyses were performed for different mixtures from
the studied drug-excipient systems and the obtained onset tem-
peratures determined from xylazine hydrochloride and zopiclone
DTA curves are presented in Fig. 3. The peak in DTA corresponding

to the transition from xylazine hydrochloride form X to Ais overlap-
ping with the peak of calcium and magnesium stearate dehydration
and therefore could not be analysed (Fig. S2, Supplementary mate-
rial).

As canbe seen from Fig. 3, the phase transition temperature from
the form X to A (123.3 °C, Fig. 3a) and the melting point of xylazine
hydrochloride form A (165.3°C, Fig. 3b) decreased by increasing
the amount of excipient in the sample. From all of the used excipi-
ents, cellulose did not change the melting point of the form A and
also had only a slight effect on the transition temperature from X
to A, while sucrose and lactose monohydrate had the largest effect
on these thermal characteristics (the sucrose changed the transi-
tion temperature by ~20 °C and the melting temperature by ~50°C,
while the lactose monohydrate changed the transition temperature
by ~13 °Cand the melting temperature by ~36 °C).In Fig. 4, the DTA
curves of pure sucrose (Fig. 4a) and lactose monohydrate (Fig. 4b)
and the mixture of these excipients and xylazine hydrochloride
form X and A are shown. It can be seen that the peaks are merged
together in the DTA curves of sucrose or lactose monohydrate mix-
tures with xylazine hydrochloride, which means that there is a
physical interaction between both of these excipients and xylazine
hydrochloride. Chemical structures of sucrose and lactose are very
similar, thus the possible interaction can be related to the pres-
ence of many hydroxyl groups in the structure of these excipients.
Another two possible explanations for the disappearance of the
melting peak of polymorph A in mixtures of lactose monohydrate
and xylazine hydrochloride are: (1) the water released from lactose
monohydrate could dissolve xylazine hydrochloride (high water
solubility of drug in combination with the temperature increase
during DTA experiments), and therefore the peaks corresponding to
phase transitions of the drug could disappear [28]. The low solubil-
ity of zopiclone in water explains why it did not show such thermal
behaviour [23]. (2) Lactose monohydrate melts at lower tempera-
ture and the melt can dissolve xylazine hydrochloride. However,
these two scenarios do not explain the thermal features of xylazine
hydrochloride mixtures with sucrose, as sucrose is not a hydrate
and does not melt at temperature lower than xylazine hydrochlo-
ride.

However, it should be noted that the changes in melting point
and transition temperature does not necessarily indicate a poten-
tial interaction between the excipient and the API, as it can also
be attributed to the mixing process that lowers the purity of each
component in the mixture.

As can be seen from Fig. 3, the phase transition temperature
from zopiclone form C to A (132.2°C) increases by increasing the
amount of excipient in the sample (Fig. 3c), whereas the melting
point of form A (172.2 °C) practically was not affected (Fig. 3d). The
DTA peak corresponding to the transition from zopiclone form C to
A is overlapping with the dehydration peak of calcium and mag-
nesium stearate and lactose monohydrate (Fig. S3, Supplementary
material). It can also be concluded that the phase transition tem-
perature of zopiclone form C is less affected by the excipients than
that of xylazine hydrochloride form X. As mentioned above, zopi-
clone has very low solubility in water and therefore the thermal
properties of zopiclone are less affected by the excipients which
contain water.

It has been reported that the xylazine hydrochloride phase tran-
sition from X to A was affected by increasing the relative humidity
and also the amount of the xylazine hydrochloride monohydrate
in the sample [21]. Therefore, it is possible that the explanation
for the thermal property changes in mixtures with magnesium and
calcium stearate, as well as lactose monohydrate occurred because
these excipients are all hydrates and water molecules can interact
with xylazine hydrochloride form X by stimulating its faster transi-
tion to A form. Also the surfaces of excipient particles can promote
faster polymorph transition or melting of the APIs, because of the
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possible adsorption of drug molecules onto the excipient surfaces.
This process can reduce the particle size of APIs, thus increasing the
specific surface area[29]. Larger specific surface are of the API parti-
cles can increase the transition rate. Previously published research
[15] has shown that the transition from xylazine hydrochloride
form X to A is enhanced by increasing the specific surface area of
particles.

From these results it can be expected that all of the excipi-
ents used will more or less facilitate faster transition of xylazine
hydrochloride from the form X to A, but will have only slight or no
effect on zopiclone transition from the form C to A.

3.3. Infrared spectroscopic investigation of the mixtures of
pharmaceutically active compounds and excipients

The IR spectra recorded for xylazine hydrochloride and zopi-
clone mixtures with excipients are presented in Figs. S4 and S5.
As can be seen from Figs. S4 and S5, it is not possible to identify
in the recorded spectra any interactions between any of the used
excipients and xylazine hydrochloride or zopiclone, even for those
excipients which had some physical interactions, as determined
by the DTA analysis. The presence of interactions would appear in
the form of new absorption band/-s, shifts or broadening of the
bands. For both of the APIs, no changes of the absorption band
positions were observed. It should be noted that chemical inter-
actions between excipients and active pharmaceutical ingredients
have been observed only very rarely [14].

3.4. The phase transition kinetics of pharmaceutically active
compounds in mixtures with excipients at 80°C temperature

Physical mixtures of pharmaceutically active compounds and
excipients have been prepared and the phase transitions in these
mixtures have been investigated. From the results obtained by
studying the excipient effect on the phase transition temperature
of unstable forms, it is expected that all of the excipients but cel-
lulose should affect the stability of xylazine hydrochloride form X,
while the stability of zopiclone form C should not be affected.

For both of the studied phase transitions, the metastable form
half-life (time period during which half of the metastable form
has been transformed to the stable form) was dependent on the
excipient and its amount in the sample, as presented in Fig. 5.

As can be seen from Fig. 5a, the half-life of xylazine hydrochlo-
ride form X increased by increasing the amount of sucrose and
lactose monohydrate in the sample. Cellulose did not affect the
half-life, while increasing the amount of calcium carbonate and
magnesium and calcium stearates decreased the half-life of the
xylazine hydrochloride form X. If these results are compared to
the excipient effect on the peak temperatures in DTA, the highest
changes of the phase transition temperature from X to A and the
melting point of form A was observed after adding sucrose and lac-
tose monohydrate in particular. Addition of calcium carbonate to
xylazine hydrochloride slightly affected the half-life, but the impact
was so small that it can as well be within the order of the accuracy
of half-life determination, and therefore it can be considered that
calcium carbonate does not affect the thermal properties of this
sample.
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As can be seen from Fig. 5b, based on the effect of the excipient
on phase transition rate, selected excipients can be divided into two
groups: ones that increased the half-life, and ones that decreased
the half-life of zopiclone form C. The effect of the excipients on the
metastable form half-life in phase transition from zopiclone form C
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the less stable polymorph of xylazine hydrochloride.
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From the obtained results it can be seen that by using certain
excipients the shelf life of metastable polymorphs of active phar-
maceutical ingredients can be either shortened or prolonged.

The phase transition rate constants of the studied API phase
transitions are presented in Table 1. For the phase transition of
xylazine hydrochloride polymorphs, the first constant (K;) shows
the rate of the stable polymorph nucleation, while the second con-
stant (K3) shows the nuclei growth rate.

As can be seen from Table 1, the rate constants of zopiclone
phase transition became slightly higher when calcium and mag-
nesium stearate monohydrates and calcium carbonate were added
to the initial sample, whereas they became smaller when sucrose,
cellulose, and lactose hydrate were added. These results can be
directly related to the half-life of the unstable polymorph, as the
half-life was shorter when the rate constant was higher. The dehy-
dration of magnesium and calcium stearates possibly facilitated the

formation of zopiclone form A. When calcium carbonate was added
to the initial sample, possibly some other factor facilitated the for-
mation of form A, such as the excipient surface properties or the
presence of impurities.

As can be seen from Table 1, in the phase transition kinetics
of xylazine hydrochloride both of the different rate limiting pro-
cesses — nucleation and nuclei growth - can be analysed separately.
The nucleation rate constant decreased by increasing the amount
of sucrose, calcium carbonate, cellulose, and lactose monohydrate
in the initial sample, while increase of the amount of magnesium
and calcium stearate hydrates increased this constant. The faster
nucleation rate constant in the presence of magnesium and cal-
cium stearates should be associated with the dehydration of these
excipients, because it is already reported that water facilitates the
formation of form A nuclei [15]. However, this was not observed in
the mixture with lactose monohydrate, as the lactose monohydrate

Table 1
The rate constants for the studied phase transitions in the API mixtures with certain excipients.
Excipient Wexcipient (%) Xylazine hydrochloride Wexcipient (%) Zopiclone, k (h~1)
Ki (gh™) Ky (h™1)

Sucrose 0 5.7 x 102 0.29 0 0.11
30 1.7x 1072 0.11 30 0.080
50 59x103 0.16 50 0.074
70 7.9%x 1073 0.10 70 0.052

Calcium carbonate 0 7.5%x 1073 0.10 0 0.10
30 1.3x1072 0.093 30 0.15
50 7.8x1073 0.15 50 0.18
70 20x1073 0.24 70 0.14

Cellulose 0 41x1073 0.18 0 0.09
30 1.1x103 0.31 30 0.074
50 1.2x10* 0.33 50 0.065
70 9.1x104 0.38 70 0.069

Calcium stearate 0 83x104 0.27 0 0.11

monohydrate 30 1.2x1073 0.99 30 0.15
50 42 %1073 0.43 50 0.19
70 6.9x103 0.29 70 0.17

Magnesium stearate 0 1.1x104 0.66 0 0.11

monohydrate 30 14x103 0.50 30 0.11
50 59x103 0.27 50 0.14
70 1.1x102 0.18 70 0.17

Lactose monohydrate 0 8.0x 104 0.64 0 0.090
30 6.0x10~* 0.55 30 0.062
50 9.2x 103 0.56 50 0.064
70 29x104 0.50 70 0.062




174 K. Kriikle-Beérzina, A. Actin$ / Journal of Pharmaceutical and Biomedical Analysis 107 (2015) 168-174

is stable under the experimental conditions. The nuclei growth
process was facilitated only by calcium carbonate, cellulose, and
calcium stearate, while the other excipients reduced or did not
change the nuclei growth rate. Remarkably, by evaluating the half-
life of xylazine hydrochloride form X, it was observed that cellulose
did not change the stability of form X, while the rate constant val-
ues revealed that the nucleation rate decreased but nuclei growth
rate increased by adding cellulose, therefore the total process was
not affected by cellulose addition to the initial sample.

By comparing the results for both APIs, it can be concluded
that sucrose and lactose monohydrate reduced the transition rate
and therefore the formation of stable form for both the studied
compounds, while magnesium and calcium stearates in both cases
enhanced the phase transition rate. Both of these are among the
most frequently used excipients in the pharmaceutical industry
and it would be difficult to avoid these excipients, but in the cases
when water from the excipient can promote the phase transition of
active substance in the final drug formation, replacement of these
excipients with others should be considered.

When the excipients are selected for the final formulations
of pharmaceutically active compounds, it is important to care-
fully evaluate possible interactions and the effects on the API. The
obtained results showed that it is necessary to evaluate not only the
excipient effect on the thermal properties, but also its effect on the
phase transition rate if the final formulation contains a metastable
polymorph, because the stability of the metastable form can be
affected differently than the thermal properties, as was observed
from the excipient effect on zopiclone thermal properties.

4. Conclusions

In this study it has been shown that an excipient cannot only
reduce the stability of pharmaceutically active compound in the
cases of using metastable polymorphs, but also to increase it, thus
enabling the extension of drug shelf-life. This study also has shown
that the effect of an excipient on the pharmaceutically active com-
pound needs to be evaluated not only with thermal methods, but
also by studying the stability at elevated temperatures when unex-
pected effects may be observed.

Neither xylazine hydrochloride nor zopiclone showed any
chemical interaction with the studied excipients in the infrared
spectra.

Two of the studied excipients - magnesium and calcium stearate
hydrates — were not stable under the experimental conditions and
both dehydrated to a lower stoichiometry hydrate, which most
probably was the reason why increase of the content of both of
these excipients decreased the stability of xylazine hydrochloride
form X and zopiclone form C at 80°C temperature. On the other
hand, sucrose and lactose monohydrate promoted the stability of
thermodynamically metastable polymorphs of both pharmaceu-
tically active compounds examined in this study. The formation
of the stable form also depended on the amount of excipient in
the initial sample and therefore it would be necessary to evalu-
ate the critical mass of the excipient that can be added to the final
formulation by not affecting the polymorphic stability of the APL
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This paper reports an investigation of a complex solid state phase transition where two inter-converting
polymorphs (X and A) of the pharmaceutical molecule xylazine hydrochloride formed and transformed
during and after the dehydration of its monohydrate (H). The crystal structures of all three forms were
compared. During the investigation of this solid state phase transition it was determined that the
dehydration of H produced either a pure X form, or a mixture of the X and A forms. The phase composition
depended on the sample preparation procedure and the experimental conditions. It was found that
grinding of the hydrate enhanced the formation of polymorph X as a product of dehydration, whereas
higher humidity, temperature, or mechanical compression enhanced the formation of polymorph A. The
transition mechanism of this complex process was analysed and explained by taking into account the
crystal structures of these three forms.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Polymorphism is the ability of compounds to crystallize into
different crystalline forms named polymorphs (Giron et al., 2004;
Hilfiker, 2013), and it is known that many active pharmaceutical
substances exhibit polymorphism (Aitipamula et al, 2012).
Polymorphs differ by the spatial arrangement of the constituents
and typically also by the lattice parameters, but have the same
chemical composition (Hilfiker, 2013; Brittain, 2012). Sometimes
besides host molecules also one or several equivalents of solvent
molecules are incorporated in the crystal lattice during the
crystallization. Such a phase is named solvate and is classified
as a pseudopolymorph or solvatomorph. In this case, the chemical
composition is not the same as that of polymorphs (Aitipamula
et al., 2012; Brittain, 2012). Different polymorphs have different
physical and chemical properties in the solid state, whereas they
have the same liquid and gaseous state (Giron et al., 2004).

During the last two decades pharmaceutical industry has
started to pay more attention to the solid state chemistry aspects of
pharmaceutical compounds, which includes also the topic of solid
state kinetics (Khawam and Flanagan, 2006). This interest is
associated with the fact that during the manufacturing processes
or storage active pharmaceutical ingredients (API) are exposed to a
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wide range of environmental conditions and encounter multiple
physical stresses throughout the production cycle. There is a high
possibility that phase transformations may occur during the
production and storage (Morris et al., 2001), and solid state
changes may affect the medicinal performance of the API
(Bernstein, 2002).

Solid-solid phase transitions or reactions can occur during the
drying, milling, tableting and/or other processes involved in API
manufacturing (Lee et al., 2011). Different types of phase
transitions can occur, including transformations between the
crystalline and amorphous phases; between polymorphs; between
solvates and neat non-solvated forms, solvates with different
stoichiometry, or solvates formed with different solvent molecules
(Khawam and Flanagan, 2006; Lee et al., 2011). Numerous factors
can affect the phase transition kinetics, including temperature,
pressure, humidity, particle size, impurities, and crystal defects
(Lee et al.,, 2011).

Most commonly investigations of phase transition kinetics
between two polymorphic forms (Sheridan and Anwar, 1996; Li
and Brill, 2007) or between a particular polymorph and solvate
(Agbada and York, 1994; An et al., 2012) are reported. However,
there are limited number of studies where more complex solid
state transition processes including the formation of intermediate
phases have been examined (Petkune and Actins, 2010). Never-
theless, there are cases where it is useful and necessary to study
and understand the phase transitions which involve a transfor-
mation through an intermediate phase.
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Xylazine hydrochloride (2-(2,6-dimethylphenyl)-5,6-dihydro-
4H-1,3-thiazine hydrochloride) is used in veterinary medicine as a
muscle relaxant (European Pharmacopoeia, 2010). There are four
polymorphic forms of xylazine hydrochloride known as A, M, Z and
X, and several pseudopolymorphs, most stable of which is the
monohydrate H (Krukle-Berzipa et al, 2011). It has been
determined that the form X is the least thermodynamically stable
of these polymorphs, whereas the form A is the most stable at
temperatures above 484 1°C. The polymorphs X and A are
enantiotropically related, but the transition point between them
has not been determined (Berzinps et al., 2010). It has been reported
that the dehydration of xylazine monohydrate H produced
polymorph X. However, at elevated temperature X transformed
to the polymorph A (Berzigs et al., 2009; Krukle-Berzina and Actins,
2014).

From all of the possible phase transitions between xylazine
hydrochloride polymorphs, the kinetics of the solid state phase
transition from X to A has been explored the best. The kinetics of
this phase transition can be characterized with a nucleation and
nuclei growth mechanism, and it depends on the temperature,
humidity, mechanical pressure, and particle size of the initial
phase (Krukle-Berzina and Actin$, 2014). The activation energy for
this process is 220 420 kJ/mol (Krukle-Berzina and Actinps, 2013).
Nevertheless, it has also been determined that dehydration of H
produced the polymorph X, and this process can be described by a
two dimensional phase boundary mechanism, with an activation
energy of 50 + 10 k]/mol (Berzips et al., 2009).

The crystal structures of the polymorphs A and X, as well as
that of the hydrate H have been reported. The crystal structures
of A and X have been determined from powder X-ray diffraction
(PXRD) data, whereas that of the hydrate H has been determined
from single crystal X-ray diffraction data. All three structures
belong to the P2, /c space group (Veidis et al., 2008; Zvirgzdins et
al., 2014).

In this study we investigated the kinetics of solid state phase
transition where xylazine hydrochloride monohydrate trans-
formed to the intermediate anhydrous form X, followed by the
formation of the more stable anhydrous form A. To better
understand these phase transitions, we studied the structural
similarity of these three phases.

2. Materials and methods
2.1. Materials

Xylazine hydrochloride (specified purity >99.0%) sample was
obtained from JSC Grindeks and was found to consist of pure
monohydrate H. The purity with respect to polymorphic forms was
evaluated using PXRD, by comparing to the diffraction patterns
given in the literature (Berzip$ et al., 2008). For all the experi-
ments (except the grinding experiment), the supplied sample was
recrystallized from water and the resulting phase was evaluated
using PXRD.

To obtain a fresh sample of the monohydrate H (recrystallized
sample, used for study of the grinding effect), xylazine hydrochlo-
ride was crystallized from a 1:3 mixture of ethanol and ethyl
acetate. Xylazine hydrochloride was dissolved in a hot mixture of
ethanol and ethyl acetate, the obtained solution was then cooled,
allowed to crystallize, and filtered. Phase identification of the
obtained product was performed with PXRD.

In order to prepare pure anhydrous form X, the supplied
Xylazine Hydrochloride was recrystallized from water, and the
obtained form H was thermostated at 40 °C temperature for two
days. The purity of the form X was determined using PXRD by
comparison to the previously reported diffraction pattern (Berzins
et al., 2008).

2.2. Methods

2.2.1. Powder X-ray diffractometry

The PXRD patterns were determined on a Bruker D8 Advance
diffractometer equipped with a position sensitive LynxEye
detector, using copper radiation (CuK,) at the wavelength of
1.54180A. The tube voltage and current were set to 40kV and
40 mA, respectively. The divergence slit was set at 1.0 mm, and the
antiscattering slit was set at 8.0 mm. The diffraction patterns were
acquired using a scan speed of 0.2 5/0.02° from 9° to 25° on the 26
scale. The atmospheric humidity effects were excluded during the
analysis by covering the samples with a 10 wm polyethylene film.

2.2.2. Single crystal X-ray diffractometry (SCXRD)

Single crystals of the form A were grown by slowly evaporating
an ethylacetate solution at 50 °C temperature. The X-ray data were
collected at 173K on a Nonius Kappa CCD single crystal X-ray
diffractometer (Bruker AXS GmbH) with MoK, radiation
(0.71073 A). Data reduction was performed with the DENZO/
SCALEPACK program (Ostwinowski and Minor, 1997). Crystal
structure was solved by direct methods using SHELXS97, and
refinement was performed using SHELXL97 (Sheldrick, 2008).

2.2.3. Differential thermal analysis and thermogravimetry (DTA/TG)

The thermal properties of ground samples were studied using
DTA/TG. The analyses were performed with an Exstar6000 TG/
DTA6300 (SII)instrument. Open aluminium pans were used. Heating
of samples from 30 to 220 °C was performed with a heating rate of
10° min~—". The sample mass was approximately 7 mg.

2.2.4. Hot stage microscopy (HSM)

For HSM, a Laborlux 12 PolS (Leitz) polarized light microscope
equipped with a heating stage and a Newtronic heating control
module was used. The heating rate was 5°min~'. Images were
collected with Leica Application Suite software from a DFC450
(Leica) digital microscope camera. The crystals of form H for the
HSM study were grown from a 1:1 mixture of ethanol and ethyl
acetate.

2.3. Sample preparation and the phase transition kinetic experiments.

The first heating time for all samples during this kinetic study
was 30 min.

2.3.1. Study of the temperature effect

Xylazine hydrochloride monohydrate (form H) was ground in a
mortar for 2 min. The sample was inserted in a glass sample holder.
The prepared samples were inserted in an air thermostat set at a
fixed temperature. After a predetermined time the samples were
removed from the thermostat and phase composition was
determined by PXRD.

2.3.2. Study of the relative humidity (RH) effect

Xylazine hydrochloride form H was ground in a mortar for
2min. The sample was inserted in a glass sample holder. The
samples were inserted in constant humidity chambers (desicca-
tors, where constant relative humidity of 15, 10.5, 5.2, and ~0% was
provided with 64% (mass %) sulphuric acid solution, saturated LiCl
solution, saturated LiBr solution, and P,0s, respectively), and
which were thermostated at 80°C temperature. After a prede-
termined time the samples were removed from the thermostat,
and the phase composition was determined by PXRD.

2.3.3. Study of the particle size effect
Xylazine hydrochloride monohydrate H (the commercial
sample and also the recrystallized sample) was ground in a ball
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mill at the ambient conditions for 2, 10, and 60 min with 15Hz
frequency. Cylindrical stainless steel jar (internal volume =5 mL)
and two stainless steel balls (diameter = 0.9 cm) were used for the
grinding. The ground samples were characterized by powder
X-ray diffractometry, DTA/TG, DSC, and particle size distribution
measurements. Kinetic analyses of the ground samples were
performed at 80°C temperature. The samples were heated in an
air thermostat and after a predetermined time removed from the
thermostat for a phase composition determination using PXRD.

2.3.4. Study of the mechanical compression effect

Samples were prepared by compressing the form H at three
different mechanical pressure values — 74.8, 114, and 225 MPa. The
pressure was applied for 15 s with a hydraulic press. Approximately
300mg of sample and a 13 mm diameter die was used. Kinetic
analyses of the compressed samples were performed at 80°C
temperature. Samples were inserted in air thermostat and after a
predetermined time removed from the thermostat, and phase
composition was determined by PXRD.

2.3.5. Preparation of a mixture of the forms H and X

Xylazine hydrochloride form H was physically mixed in various
ratios with the form X in a mortar. The composition of the mixture
was determined by PXRD. A full profile analysis was used for phase
quantification.

2.4. Quantification of the phase composition

To extract the kinetic data from the PXRD patterns, phase
composition was determined through the full profile analysis. In
this approach each point in the diffraction pattern was used to
calculate the composition of the mixture. The intensity of each
diffraction pattern point i can be described by the following
equation:

Itheoj = Q x (IniWa + Ixi(1 — Wjy)) (1)

where I4 ;- the reflex intensity of pure form A at the diffraction 26
angle i, Iy ;- the reflex intensity of pure form X at the diffraction 20
angle i, W,- mass fraction of the form A in the sample, Q-
normalizing factor. The sum of squared differences between the
experimental and theoretically calculated intensity values was
then calculated over all data points. The least squares method was
used to reduce the difference between theoretical and experimen-
tal data using Excel add-in Solve by optimizing Wsand Q. The
validity of this method for phase quantification of xylazine
hydrochloride form A and X mixtures has already been evaluated
(Krukle-Berzina and Actip$, 2014).

2.5. The crystal structure refinement of forms A and X

The crystal structures of forms X and A had been previously
determined from PXRD data (Zvirgzdin$ et al., 2014). The structural
information for the forms A and X was taken from the literature
(Zvirgzdins et al., 2014), and improvements were applied in the
following order: (1) molecular cluster consisting of a central
molecule surrounded by 12 closest neighbour xylazine hydrochlo-
ride moieties was modelled; (2) the positions of all hydrogen
atoms of the central molecule were optimized at the B3LYP/6-31G
level in Gaussian09(Frisch et al., 2009). For further calculations, the
corrected structures of X and A were used. For energy comparison
of both polymorphs, the structure of A determined from PXRD data
was used, because both structures had to be determined at the
same temperature and with the same accuracy in order to obtain
comparable results.

2.6. Lattice energy calculation in PIXEL

The crystal lattice energy calculations were performed accord-
ing to the semi-empirical PIXEL methodology (with code provided
in the CLP software suite). Empirical parameters were used as
provided in the literature (Gavezzotti, 2011). The atom positions
for the purposes of this calculation were obtained by standard
procedure using RETCIF and RETCOR modules. The hydrogen atom
positions were renormalized. Molecular electron density calcu-
lations were performed in Gaussian09 at the MP2/6-31G(d,p) level
using standard grid parameters. The condensation level 4 and a
calculation cutoff value of 35A were used.

3. Results and discussion
3.1. Analysis of the crystal structures

3.1.1. Crystal structure of the form A

Single crystals of the form A suitable for SCXRD analysis were
obtained, and the crystal structure was determined. The crystallo-
graphic data of the obtained structure are presented in Table 1 and
compared to the literature data (Zvirgzdins$ et al., 2014).

From the Table 1 it can be seen that there were only minor
differences between the lattice parameters and cell volume
determined according to both methods, mostly because of the
use of lower temperature for the single crystal X-ray diffraction
measurement. Also the identified crystal structure was the same
with both methods, which can be evaluated by comparing the
molecular packing, hydrogen bonding pattern, and interatomic
distances. The overlay of both determined crystal structures of
polymorph A in Fig. 1 shows the identical molecular conformation
and packing.

The thermal vibration ellipsoids and the atomic numbering of
xylazine hydrochloride polymorph A are presented in Fig. 2.

3.1.2. Crystal structure comparison of the forms A, X, and H

The molecular conformation of all three structures is compared
in Fig. 3.1t can be seen that the molecular conformation of all three
forms was very similar, although there were minor differences in
the conformation of dihydrothiazine ring.

The hydrogen bonding patterns and the molecular packing
diagrams generated using Mercury 3.1 (Macrae et al., 2008) for
xylazine hydrochloride monohydrate H (Veidis et al., 2008) and the
forms X (Zvirgzdin$ et al., 2014) and A are given in Fig. 4.

As shown in Fig. 4(bX), the 1D structural pattern of the form X
consists of infinite layers along the b-axis, where the molecules are
packed parallel to each other and molecules in one layer are
oriented in the same direction, whereas the molecules in both
adjacent layers are oriented in the antiparallel direction. It can be
seen that one chloride anion interacts with two xylazine cations

Table 1
Comparison of crystallographic data for the form A determined from SCXRD and
from PXRD ( Zvirgzdins et al., 2014).

Data SCXRD PXRDI?"!
Temperature 173+2K Ambient
Crystal system monoclinic monoclinic
Space group P2,/c P2,/c

alA 11.42340(10) 11.5735(3)
b/A 8.6643(2) 8.70728(17)
c/A 14.6931(3) 14.8636(3)
B/deg 114.5900(10) 115.1461(18)
V/A3 1322.37(4) 1355.90(5)
z 4 4
Reflections 12236

Crystal size (mm?) 0.6 x 0.5x 0.5
Rwp 0.130
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Fig. 1. Overlay of the xylazine hydrochloride form A crystal structure fragments
extracted from structures determined by SCXRD (red) and PXRD (blue). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

(See Fig. 4(aX)). Two chloride anions and two xylazine cations are
connected by hydrogen bonds forming a tetramer with the graph
set R3(12) . The distance between the chloride anion and the H7
atom in the xylazine cation is 2.01 A, whereas that between the
chloride anion and the H1 atom in xylazine cation is 2.10 A (the
numbering is the same for all forms and is given in Fig. 2). In the
literature (Steiner, 1998) the average hydrogen bond distance
between the hydrogen atom and the chloride anion is 2.126(6) A for
(CC)N*-N as an acceptor, and 2.221(7)A for >Nsp?>-H as an
acceptor. Therefore in the form X both hydrogen bonds are shorter
than the average hydrogen bond length.

As shown in Fig. 4(bH), the molecular packing of the form H
share common features with that of the form X. The 1D structural
pattern of the form H is defined by the same layered molecular
arrangement and a similar orientation of the layers with respect to
each other. Also in this case these layers were arranged along the
b-axis. The main difference between both structures is the
connectivity of the chloride anion to the xylazine cation (See
Fig. 4(aH)), because the hydrate structure features hydrogen

Fig. 2. The thermal vibration ellipsoids of 50% probability and the atomic
numbering for the asymmetric unit of xylazine hydrochloride form A.

Fig. 3. Overlay of the xylazine moieties extracted from the crystal structures of H
(red), X (blue), and A (green). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

bonding between two xylazine cations and two chloride anions, as
well as two water molecules. Thus, the water molecules and the
chloride anions between two xylazine moieties form hydrogen
bonded tetramer with the graph set notation R3(8), and these
xylazine moieties are connected with this tetramer by forming a
hydrogen bonded hexamer with the graph set notation Ri(le). The
distance between the H1 atom of xylazine cation and the chloride
anion is 2.35 A, whereas that between the chlorides anion and an H
atom of the water molecule is 2.36 A, and the distance between the
O atom of the water molecule and the H7 atom of xylazine cation is
1.96 A. Therefore the hydrogen bond distance between the H1 atom
of the xylazine cation and the chloride anion is longer than that in
the structure of the form X.

As shown in Fig. 4(bA), the molecular packing of the form A also
share some common features with that of the forms X and H.
However, the structural 1D pattern is defined by layers consisting
of molecules which have been flipped by 180 ° with respect to the
adjacent molecules, and molecules in the adjacent layers are not
antiparallel with respect to each other. The same molecular
orientation repeats after every two molecules in the layer, and the
layer also repeats itself after two layers. Another difference from
the structures of the forms H and X is the position of the chloride
anions (See Fig. 4(aA)). In this case the chloride anions are not
positioned between two xylazine moieties by forming a channel,
but are close to only one xylazine moiety by forming a hydrogen
bonded dimer with this xylazine cation characterized by the graph
set R2(6). The distance between the chloride anion and the atom
H7 of the xylazine cation is 2.23 A, whereas the distance to the
atom H1 is 2.28 A.

Thus it can be seen that molecular packing in all three crystal
structures share some common features. However the monohy-
drate H and the form X are basically the same, and the only
difference is the inclusion of water molecules adjacent to the
chloride anions, whereas the relative orientation of the xylazine
cations, and the arrangement of the chloride anions is different in
the form A.

Therefore it can be concluded that the observed structural
features can be used to understand phase transitions: it can be
easily understood why the dehydration of hydrate H produces the
form X instead of the A. In this transition the molecules do not
change the orientation and location in the crystal structure. In the
dehydration process water leaves the structure, and the most
significant rearrangement happening is the decreasing distance
between the xylazine moieties involved in the formation of
hydrogen bonded ring structures. Besides, it can be concluded that
the transformation of the form X into A will be more complex than
the dehydration process, because the required molecular rear-
rangement and reorientation is much larger than that involved in
the transition from the form H to X.
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Fig. 4. The hydrogen bonding patterns (a) and the molecular packing (b) in xylazine hydrochloride monohydrate H, the form A, and the form X.

3.1.3. Comparison of the thermodynamic stability of the forms A and X,
based on the lattice energy

To compare the stability of the forms A and X, calculation of the
crystal lattice energy for these forms has been performed with the
PIXEL software (Gavezzotti, 2011). It was not possible to perform
this calculation for the hydrate, because its formula unit contains a
water molecule and thus should be represented as three chemical
entities in the asymmetric unit. The obtained results are presented
in Table 2.

As can be seen from the Table 2, the form A has a higher total
lattice energy, which means that the form X is more stable at 0K
(because the xylazine moiety has the same molecular conforma-
tion in both crystal structures). As mentioned above, the forms A
and X have an enantiotropic relationship, but the phase transition
point is not known. From previously obtained results it can be
concluded that the transition point should be below 283 K (Berzins
et al, 2010). The lattice energy calculations confirmed this
conclusion. Comparing the results obtained for both crystal
structures of the form A, it can be seen that the results were
different, meaning that the lattice energies for the comparison of
crystal structures should be determined at the same accuracy
level.

The large Coulombic energy term in both structures was due to
the ionic nature of xylazine hydrochloride. By comparing both
polymorphs, the form A had the larger Coulombic energy, meaning
that the interaction between the chloride anion and the xylazine
cation was stronger than that in the form X, because of the closer
chloride ion position to the xylazine moieties. However, the
difference was not large. The repulsion energy value showed how

Table 2
Lattice energy and its components for the forms A and X, as calculated by the PIXEL
software.

Form Ecou (KJ/ Epol (kj/ Edisp (kJ/ Erep (kj/ Etor (kJ/mol)
mol) mol) mol) mol)

X? —305.0 —63.7 —88.9 121.8 —335.8

A? -307.1 -515 -87.7 113.4 -3329

AP -312.2 -52.1 -935 120.2 -337.6

2 The crystal structure calculated from powder X-ray diffraction data
b The crystal structure calculated from single crystal X-ray diffraction data

tightly packed were the polymorphs, and for tighter packing this
energy and the density has to be higher (Dunitz and Gavezzotti,
2005). Although the repulsion energy of X is higher, the calculated
density is larger for the form A (1.258 g/cm?), but the difference
with the form X (1.249 g/cm?) is small. However, in the form X the
repulsion energy was higher due to (a) the presence of a repulsion
energy between the two chloride anions, which is absent in the
polymorph A and (b) the smaller distances between the closest
xylazine moieties.

3.2. Study of the phase transition kinetics

3.2.1. Effect of the temperature

Fig. 5 shows the PXRD patterns of the form H sample after
30min of heating at three different temperatures (70, 80, and
90 °C). The amount of the forms X and H in the sample decreased if
the temperature was increased. After heating the sample for
30 min we did not detect the presence of the form H at the 90°C
temperature, and the form A at the 70°C temperature.

Fig. 6 presents the mass fraction of the form A at different
temperatures as a function of time for two cases: when the initial
sample is (a) pure form H (further in the text — transition (1)) and
(b) pure form X (further in the text - transition (2)). As can be seen
from Fig. 6, the formation of the polymorph A was faster at the
beginning part of the process when the initial sample was the form
H, compared to the case when the polymorph X was the initial
sample. It has been already reported (Berzin$ et al., 2009) that
when the form H is dehydrated, the polymorph X formed instead of
the polymorph A. Therefore we think that there can be two
possible explanations for our results: (1) the monohydrate H
dehydrated to the polymorph X as usual (Berzins et al., 2009), and
part of it rapidly transformed into the polymorph A because the
water evolved from the monohydrate H structure stimulated the
formation of the stable polymorph A; (2) some factors promoted
the direct formation of polymorph A in the dehydration process
instead of the formation of polymorph X (as observed before
(Berzips et al., 2009)). By further analysing the results obtained for
the phase transformations (1) and (2) it can be seen that there was
a significant difference between the results obtained at 70 and
80°C. At 70°C the form H transformed by the transition (1) into a
mixture of forms A and X, but after all the H form had been
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Fig. 5. The PXRD patterns recorded after 30 min heating of Xylazine hydrochloride form H at three different temperatures (70, 80, and 90°C).
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Fig. 6. The mass fraction of the form A at three different temperatures (70, 80, and 90 °C) as a function of time, using (a) a pure form H or (b) a pure form X as the initial sample.

transformed, the transition rate from X to A was slower, as
compared to the transition (2). At 80 °C the nucleation stage in case
of transition (1) was much faster than in transition (2), but the
nuclei growth occurred with a similar rate.

Further we investigated how different amounts of the forms H
and X in the initial sample affected the amount of the form A
appearing at different experimental temperatures. Fig. 7 shows
how the amount of the polymorph Avaried when the initial sample
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contained different amounts of the form H after heating the
samples for 30 min at different temperatures.

It can be seen that the amount of polymorph A formed during
30 min was linearly related to the amount of the forms H and X in
the initial samples. Thus we concluded that the increase of the
form H amount in the initial sample increased the relative
humidity above the sample, which in turn resulted in the
formation of polymorph A.
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Fig. 7. The weight fraction of the form A formed after 30 min heating of the initial sample containing different amounts of the form H.
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Fig. 8. The amount of the form A obtained by storing a sample of the form H at 80 °C temperature at different relative humidity levels for 30 min (results from two different

experiments).

3.2.2. Effect of the relative humidity

Fig. 8 presents the amount of the polymorph A depending on
the relative humidity, when the hydrate was heated for 30 min at
80°C temperature. We performed the experiments two times to
determine the reproducibility. It can be seen that the reproduc-
ibility in all the used relative humidity interval was high, except for
the 15% RH, where changes of the atmosphere composition could
occur, because it was not possible to guarantee that concentration
of the sulphuric acid solution did not change during the storage at
80 °C temperature. From Fig. 8 it can be seen that the amount of the
polymorph A formed was linearly dependent on the relative
humidity at least up to 10%. In order to check the non-linear nature
above 10% RH, we performed the experiment also at higher RH, but
under these conditions the dehydration of the form H produced not
only the polymorphs X and A form, but also the hemihydrate (the
form Y) (Berzip$ et al., 2009, 2008).

The amount of the form A obtained by storing a sample of the
form H at 80°C temperature at different relative humidity levels
for 30 min (results from two different experiments).

This experiment proved that the increase of the relative
humidity stimulated the formation of polymorph A after the
dehydration, thus confirming the previous conclusions. This can be
due to the fact that water molecules at high temperatures can
facilitate molecular fluctuations in the crystal structure, which can
accelerate the formation of the form A, by helping to change the
molecular orientation. However, the relative humidity could not be
too high because otherwise the hydrate would be thermodynami-
cally stable and would not dehydrate.

3.2.3. Effect of the particle size

To analyse the effect of the hydrate sample particle size on the
transition rate and the obtained products, we performed
dehydration experiments with two different samples - one
coming from the manufacturing process and the second one
crystallized in the laboratory before the experiment. Both samples
were ground in the ball mill for 2,10, and 60 min. Fig. 9 presents the
PXRD patterns of (a) the manufactured sample and (b) the
recrystallized sample after four different grinding times, heated for
30 min at 80°C temperature.

It can be seen that the amount of the dehydration products
obtained from both samples were different. After the dehydration
there was more of the form A present in the manufactured sample
(except in that ground for 60 min), whereas higher amounts of the
forms X and H were present in the recrystallized sample. From both
samples it was concluded that the grinding of the form H
stimulated the formation of the form X after the dehydration. It
was because the hydrate sample particles became smaller in the
grinding process. This was confirmed by the determination of the
particle size distribution (see Fig. S1). It should be mentioned that
the appearance of the bigger particles in the sample ground for
60 min was associated with the agglomeration of the smaller
particles. Thus the larger surface area of the hydrate particles
facilitated the formation of the polymorph X.

The DTA/TG analyses were performed for all four differently
prepared fractions of both samples to make sure that the grinding
process did not cause dehydration (see Fig. S2) and enthalpy
changes (see Table S1). The obtained results are given in Fig. 10.
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(@ (b)

Fig. 9. The PXRD patterns of the differently ground form H samples after 30 min heating at 80 °C temperature, using (a) manufactured and (b) recrystallized form H samples.
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Fig. 10. The DTA curves of differently ground (a) manufactured and (b) recrystallized form H samples.
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Fig. 11. The mass fraction of the form A as a function of time when differently ground (a) manufactured and (b) recrystallized form H samples were heated at 80°C

temperature.

Fig. 10 shows that the thermal properties of these samples were
different. It can be seen that the grinding process itself did not
introduce dehydration because the mass changes for all of the
analysed samples were the same. In the DTA curves we observed
two endothermic peaks occurring during the mass loss (see
Figs. 10, 1 and 2). The first peak (1) corresponded to the
dehydration process of the hydrate. The second peak (at 98°C)
did not appear if the sample was ground for a long enough time and
all of the water was lost before reaching the 95°C temperature.
Therefore this peak can be associated with the melting of the
hydrate (as supported by the HSM study). Two peaks correspond-
ing to dehydration were observed also in the DSC scans. We
observed that the dehydration starting and also the ending
temperature decreased by increasing the grinding time. This
was because the smaller particles obtained after the grinding
dehydrated more easily. In this study we observed that the
formation of the form A after the dehydration was connected to the
appearance of the second signal: in the absence of the hydrate
melting peak only the form X was obtained after the dehydration.
Therefore the formation of A can be connected to the fact that
during the dehydration of the hydrate, the dehydration product
dissolved in the evolved water and crystallisation of the
thermodynamically stable form A occurred. In a kinetic study
performed at temperatures below 95 °C such a situation would not
occur. However, also after complete dehydration at lower temper-
atures the form A appeared only for samples with the hydrate
melting peak in the DTA curve. Thus it is possible that formation of
A can be related to the particle size of the hydrate, and for
sufficiently large particles the form A can form because of the
condensation of the evolved water in the crystal, whereas this does
not occur for smaller particles where water escape from the
particles would be easier.

Fig. 11 shows the amount of polymorph A formed after the
dehydration of (a) the manufactured sample and (b) the recrystal-
lized sample with different grinding times. It can be seen that for
the samples where a large amount of the polymorph A had formed
after the first heating, the shape of the kinetic curve was different

compared to the curves obtained for samples where the hydrate
transformed only to the polymorph X. It was also obvious that
there were differences between the manufactured sample and the
recrystallized sample. It is clear that during the first heating more
of the polymorph A formed from the manufactured sample and
this difference can be connected to the fact that in the
manufactured sample there were nuclei of the more stable
polymorph A in amounts undetectable by PXRD, and these nuclei
accelerated the phase transition rate associated with the formation
of form A (Krukle-Berzina and Actins, 2014). The mechanism of the
phase transition from X to A for the samples where dehydration
produced a mixture of the forms A and X was different from that
when pure form X transformed to A. It is possible that in this case
the nuclei of the form A developed rapidly and the only rate
limiting step was the nuclei growth.

3.2.4. Effect of the mechanical compression

Fig. 12 shows the phase composition after the first heating of
the mechanically compressed hydrate samples. It can be seen that
the pressure enhances the formation of polymorph A during the

5000 ﬁ
E Non-compresed i
4000 42 —74.8 MPa w
: 114 MPa
3000 - —225 MPa
2000 -
1000 -
0 T T T
s o125 135 1452

Fig. 12. The PXRD patterns of the differently compressed form H samples after
30min of heating at 80°C temperature.
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Fig. 13. HSM photomicrographs of the H form crystal dehydration.

first heating. This result is in accordance with the literature
(Krukle-Berzina and Actips, 2014), where it was shown that
increasing the pressure applied to the polymorph X enhanced the
formation rate of the polymorph A during the study of the phase
transition kinetics. The pressure created crystal defects and
cracking, thus enhancing the nucleation of the polymorph A,
compared to the mechanically unaffected sample.

After the mechanical compression the hydrate particles were
more densely packed, and the free space between the particles was
reduced by increasing the mechanical pressure. Therefore, the
escape of water during the dehydration process was delayed and
this delay was dependent on the applied pressure. This accumula-
tion of the evolved water in the sample facilitated the formation of
polymorph A.

3.2.5. Hot-stage microscopy study

Fig. 13 shows hot-stage micrographs representing the phase
transitions of the hydrate crystals during the heating. It can be seen
that the dehydration process stated to occur at approximately 70 °C
temperature, then at 100°C the crystals cracked, other phases
appeared (because a colour change was observed), and liquid
evolved from the centre of the larger crystal suggesting that
melting of the hydrate occurred. At 122 °C this crystal dissolved in
the evolved water, because the evolved water did not escape from
the crystal. Clearly it was not the melting of polymorph A, which
occurs at 168° C (Berzip$ et al., 2010). However, the smaller crystal
did not evolve as much water and did not dissolve, suggesting that
its dehydration occurred faster.

4. Conclusions

By comparing the crystal structures of xylazine hydrochloride
polymorphs A and X and the hydrate H it was found that the
molecular packing in the forms X and H was very similar, thus
explaining the observed fact that the form X was obtained in the
dehydration of the form H. However, the molecular conformations
were similar in the crystal structures of all three forms. The
calculation of lattice energy values for the forms A and X showed
that the form X was more stable at 0K temperature, in agreement
with the previous experimental conclusions.

The solid state phase transition investigation showed that it is
possible to control the type of polymorphs obtained after the
dehydration of the hydrate: either the pure form X, or a mixture of

the forms A and X. The grinding of the hydrate enhanced the
formation of X, whereas dehydration at higher humidity increased
the temperature, and mechanical compression of the hydrate
enhanced the formation of the form A. It was proved that the
dehydration of sufficiently large particles resulted in melting of the
hydrate and formation of the polymorph A. However, form-ation of
the polymorph A at lower temperatures was associated with the
condensation of water if the hydrate particles were sufficiently
large. Our investigation showed that it is possible to analyse and
understand more complex phase transitions where an intermedi-
ate stage is involved. Such investigations sometimes are necessary
to completely understand the factors affecting the results of
complex transitions, where the investigation of a solid state phase
transition between only two forms cannot give sufficient
information for an accurate characterisation of the entire
transformation.
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Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/].
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Crystallographic information file is available from the Cam-
bridge Crystallographic Data Center (CCDC) upon request (http://
www.ccdc.cam.ac.uk, CCDC deposition number 987868).
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ABSTRACT: The kinetics of the solid-state phase transformation of xylazine hydrochloride
form X to A has been investigated using powder X-ray diffraction and differential thermal
analysis. Three different kinetic models have been used to describe transition kinetics: the
Avrami-Erofeev equation, the Cardew equation, and the methodology for simulation of solid-
state phase transition kinetics by the combination of nucleation and nuclei growth processes.
The latter has been recently developed and has been tested in this paper for the case of
a real solid-state transition. The relative humidity, mechanical pressure, temperature, and
sample-preparation effect on phase-transition kinetics have been investigated, and rate con-
stant changes have been analyzed. © 2013 Wiley Periodicals, Inc. Int ] Chem Kinet 46: 161-168,

2014

INTRODUCTION

Many pharmaceutical solids exhibit polymorphism
[1,2], which is defined as the ability of a substance to
exist in two or more crystalline phases that have differ-
ent arrangements and/or conformations of the molecule
in crystal lattice [1,3]. Polymorphs of active pharma-
ceutical ingredients can have different chemical and
physical properties, such as the melting point, chem-
ical reactivity, apparent solubility, dissolution rate,
optical and electrical properties, density, and vapor
pressure [4]. Several xylazine hydrochloride poly-
morphs and their properties have been reported so
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Contract grant sponsor: Support for Doctoral Studies at Univer-
sity of Latvia; European Social Fund.
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far [5-7]. The molecular structure of xylazine hy-
drochloride is shown in Fig. 1.

From the phase rule, it is clear that only one phase
can exist at any given temperature and pressure, ex-
cept at the transition temperature at defined pressure
when two phases, that is, polymorphs, will exist in
equilibrium [8]. At temperatures above 50°C, the ther-
modynamically stable form of xylazine hydrochloride
is form A, while the form X is thermodynamically
unstable [7]. Transition from the unstable to a more
stable polymorph can occur, and the major factors af-
fecting polymorphic transition kinetics are tempera-
ture, humidity, mechanical stress, compression, crystal
defects, and particle size [9,10].

Polymorph phase transitions are both of consid-
erable scientific interest, as well as of industrial im-
portance. In each of these disciplines, a great deal of
attention is focused on the kinetics of the phase transi-
tions involved [11].
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Figure 1 Molecular structure of xylazine hydrochloride.

Kinetics in the solid state as a function of time is
often studied by a variety of techniques [12]. The char-
acterization of solid-state kinetics typically involves
modeling the fractions transformed as a function of
time (the o—time curve) [11], and the experimental
points can be described by a mathematical equation
representing a theoretical kinetic model [12].

The kinetics of many solid-state reactions have been
described by the Avrami theory [12] («-conversion
fraction; k-rate constant, time™'; r-time; and n-
dimensional factor):

a=1—¢ ™ (1

which describes that transformations proceed by a nu-
cleation and growth mechanism and takes into account
the coalescence and inclusion of other nuclei as the new
phase grows [11]. A similar theory has been developed
by Cardew et al. [13]. (kn-nucleation rate constant, s~
kg-nuclei growth constant, s7h:

kgt
ky
o= KN okt / ) gy @)
kg
0

but only for the case when one nucleus is involved in
the transformation of each crystal (u = kgt, ¢ = u’
(2-u)*). Many other solid-state kinetic models have
been developed in the past century [12]. New method-
ology for the simulation of solid-state phase transition
kinetics by the combination of nucleation and nuclei
growth (CNNG) processes has been recently devel-
oped [14]:

3

K> i
1+?/W0’l’(r)dt W (t)dt (3)

1

a=ki [

0

where K|-nucleation rate constant; g~time’1 ; K>-nuclei
growth constant; time™'; W,-residual mass fraction of
phase «; and t-time when the nucleus formed. Equa-

tion (3) has been solved according to the Runge—Kutta
method of numerical integration.

EXPERIMENTAL

Preparation of Xylazine Hydrochloride
Polymorphic Form X

The xylazine hydrochloride (specified purity 99%)
sample obtained from JSC Grindeks (Riga, Latvia) was
found to consist of the hydrate H. The purity with re-
spect to polymorphic forms was verified using powder
X-ray diffraction (PXRD) by comparison to the diffrac-
tion pattern available in the literature [6]. No contami-
nants were detected. To obtain pure anhydrous form X,
the supplied xylazine hydrochloride was thermostated
at 60°C temperature for 2 days.

Powder X-Ray Diffraction

The PXRD patterns were determined on a Bruker D8
Advance diffractometer using copper radiation (CuK)
at the wavelength of 1.54180 A. The tube voltage and
current were set to 40 kV and 40 mA, respectively. The
divergence and antiscattering slits were set at 1.0 mm,
and the receiving slit was set at 0.6 mm. The patterns
were acquired using a scan speed of 0.2 s/0.02° going
from 9° to 25° on the 26 scale.

Sample Preparation for Kinetic Analysis

Xylazine hydrochloride polymorph X was ground in
a mortar for 2 min in a glovebox, where low relative
humidity (RH) was maintained by the presence of 80%
sulfuric acid solution. The sample was inserted in a
glass sample holder and pressed with a glass press.

Evaluation of Different Parameter Effects
on the Transition Kinetics

The prepared samples were maintained in an air ther-
mostat at a fixed temperature. After a predetermined
time, the samples were removed from the thermostat
and phase composition was determined using PXRD.

Relative Humidity. The samples were maintained at
two different temperatures (70°C and 80°C) in constant
humidity chambers (desiccators, where constant RH of
25%, 15%, 5%, and ~0% was provided with sulfuric
acid solutions).

Preparation of the Powder Sample. Three different
samples were prepared by varying the milling time;

International Journal of Chemical Kinetics DOI 10.1002/kin.20839
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samples were ground for 2, 4, and 8 min. The particle
sizes of the obtained sample were determined by us-
ing a Mastersizer 2000 MAL 102023 laser diffraction
instrument (laser-beam length, 10.00 mm; integration
time, 3000 ms; measurement time, 3 s; and measure-
ment range, 0.020 — 2000 pm). For kinetic analyses,
the samples were maintained at 80°C.

Mechanical Pressure. Samples were prepared by
compressing the polymorph X with three differ-
ent mechanical pressure values—0.0748, 0.114, and
0.151 GPa. Pressure was applied for 15 s with a hy-
draulic press. Dies with a diameter of 13 mm were used.
For kinetic analysis, the samples were maintained at
80°C temperature.

Determination of the Specific Surface

Surface area was determined with a modified chro-
matograph, detecting the amount of argon involved in
a monolayer adsorption—desorption process.

Differential Thermal Analysis

The thermal properties of samples affected by me-
chanical pressure were studied with differential ther-
mal analysis (DTA)/thermogravimetric analysis. Anal-

163

yses were performed with an Exstar6000 TG/DTA6300
(SII) instrument. Open aluminum pans were used.
Heating of samples from 30°C to 220°C was performed
with a heating rate of 5°-min~!. The sample mass was
approximately 7 mg.

Quantification of the Phase Composition

The PXRD patterns of xylazine hydrochloride pure
form A, form X, and their mixture are shown in
Fig. 2. To extract the kinetic data from the PXRD
patterns, phase composition was determined through
a full-profile analysis. In this approach, each point in
the diffraction pattern was used to calculate the com-
position of the mixture. Thus, the intensity of each
diffraction pattern point i can be described by the fol-
lowing equation:

Theoi = Q - (IA.iWA + Ix,i(l - WA)) 4)
where 14 ; is the intensity of pure A form at diffraction
angle i, Iy ; is the intensity of pure X form at diffraction
angle i, W, is the mass fraction of A form in the sample,
and Q is the normalizing factor. The sum of squared
differences between the experimental and theoretically
calculated intensity values was then calculated over
all data points. The least-squares method was used to

7000 o
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1= : - - -« Aform
g i § ....... X form
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5000 —
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Figure 2 PXRD patterns of xylazine hydrochloride A and X forms.
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Figure 3 Calibration curve of xylazine hydrochloride polymorphic form A and X mixture calculated by full profile analyses.

optimize the compatibility between theoretical and ex-
perimental data using the Excel add-in Solve by opti-
mizing W4 and Q.

To evaluate the validity of this method, xylazine
hydrochloride form A was physically mixed in various
ratios (0, 0.06, 0.17, 0.31, 0.38, 0.52, 0.61, 0.71, 0.81,
0.86, 1; determined on analytical balance) with form
X. The PXRD patterns of these mixtures were then
recorded and the phase composition was determined.
The calibration curve showed good linearity and preci-
sion (standard deviation (SD) was 0.014) and is shown
in Fig. 3.

RESULTS AND DISCUSSION

For determination of phase-transition rate in the solid
state, the fraction o was used as a function of time.
The obtained kinetic curve has a sigmoid shape,
which is typical for many solid-state transforma-
tions in bulk powder samples. Obtained kinetic curves
were then approximated with the appropriate kinetic
equation, and the phase-transition rate constant was
determined.

Analysis of the Kinetics

Data for kinetic analysis were obtained by maintaining
asample at 70°C temperature and 15% RH. The kinetic

analyses were performed by fitting data to the avail-
able primary solid-state kinetic models [12] and to two
more complicated kinetic models, both corresponding
to kinetic curves of sigmoid shape and based on nucle-
ation and growth kinetics. For the first procedure, lin-
earity of experimental points in the coordinates g(«)—
time was determined. The more complicated Cardew
model and methodology for the simulation of solid-
state phase transition kinetics by CNNG processes
was evaluated. The CNNG equation is applied for
the first time to a real solid-state transition in this
paper.

From the basic solid-state kinetic models, two most
appropriate equations were further analyzed by simu-
lating theoretical curves and calculating rate constants
with Microsoft Excel Solver, where the least-squares
method was used for fitting theoretical lines to ex-
perimental data. The two best equations were those
of Avrami—Erofeev (A) and power law (P1/2). The
Avrami equation was mentioned above and Avrami—
Erofeev equation is the same form, but the power law
equation is [9]

a’ =kt (5)

The experimental data and theoretically predicted
curves for kinetic models A2 and P1/2 are shown in
Fig. 4b.
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Figure 4 Kinetic curves predicted from the Avrami-Erofeev (A2) and power law (P1/2) kinetic models for the X to A
transformation in Xylazine hydrochloride at 80°C temperature (15% RH) superimposed on the observed data in the coordinates;

(a) g(ar)—t and (b) o—t.

As can be seen in Figs. 4a and 4b, from these
two equations the more appropriate is the Avrami—
Erofeev model. The SD between experimental points
and theoretically calculated values was 0.013 for the
Avrami—Erofeeve model and 0.20 for the power law
equation model. On the basis of these considerations,
the Avrami-Erofeev equation is chosen for the analysis
of the rest of the data. The optimized rate constant is
0.018 h™', and n = 2.53, meaning that the crystal
growth is two-dimensional in this case.

The second method used for data analysis was the
Cardew model. The experimental and theoretically pre-
dicted curves are shown in Fig. 5. As can be seen from
Fig. 5, the Cardew model describes the experimental
points worse (SD = 0.027) than the Avrami—Erofeev
equation (SD = 0.013). The obtained rate constants
are ky = 0.059 h™! and kg = 0.016 h™'. The Cardew
equation describes the cases when only one nucleus is
involved in the transformation of each crystal and it
develops only within the area of this particular crys-
tal and does not overlap with other growing nuclei in
neighbor crystals. Besides the fact that such assump-
tion is very hard to prove experimentally, it can not
possibly be true for the real system. Based on these
arguments, we have chosen not to use this model for
describing our results.

The third method used for data analysis was a
methodology involving the simulation of solid-state
phase transition kinetics by CNNG processes. The
experimental and theoretically predicted curves are
shown in Fig. 6. As it can be seen from Fig. 6, the
theoretical curve is in a good agreement with the ex-
perimental points (SD = 0.008) as it was in the case
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Figure 5 «-Time curve calculated from the Cardew equa-
tion for the X to A transformation in xylazine hydrochlo-
ride at 80°C (15% RH) superimposed on the observed
data.

with the Avrami-Erofeev equation. With the latter
method, three constants were obtained (k; = (1.46 +
0.13)-1073 g-h™!, k, = 0.134 £ 0.008 h™!, and p =
0.76 £ 0.03). This mathematical equation was con-
structed for crystal growth in three dimensions. The
first constant (k;) reflects the mass of nuclei developed
in the described time, as can be seen from the units
of the constant. The second constant (k,) characterizes
nuclei-growth rate, while p is used for the descrip-
tion of contact area between the growing particles. A
multiparameter optimization method has been used to
calculate the errors of the constants.
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Figure 6 «—Time curve calculated from the CNNG equa-
tion for the X to A transformation in xylazine hydrochloride
at 80°C temperature (15% RH) superimposed on the ob-
served data.

After kinetic analyses, two methods have been cho-
sen for further work: the Avrami—Erofeev equation and
the methodology for the simulation of solid-state phase
transition kinetics by CNNG processes. Both equations
are based on the theory about nucleation and nuclei
growth process, but the difference between those two
equations is that only one rate constant is used in the
Avrami—FErofeev equation, while in CNNG simulation
methodology, there are two rate constants characteriz-
ing the process. The differences between both of these
equations are described in the literature [14].

Despite the reported assertions that a phase-
transition mechanism based on nucleation and nuclei
growth process can be identified through microscopy
[15], such investigation was not possible because
crystals of appropriate size and properties for mi-
croscopy measurements could not be prepared, since
the polymorph X can be obtained only through the
dehydration of the hydrate and it was not found to
crystallize from any solvent due to its thermodynamic
instability [7].

Parameters Affecting Phase-Transition
Kinetics and Their Effects

As already pointed out, many parameters can affect
the phase-transition kinetics. In this paper, we exam-
ine the effects of RH, sample preparation procedures,
and mechanical pressure. All experimental data have
been analyzed with the Avrami—Erofeev equation and
the CNNG equation. The obtained rate constants, the
Avrami-FErofeev exponent n and the parameter p for
all analyzed samples are shown in Table 1.
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As can be seen from Table I, the crystal-growth
dimensionality determined from the Avrami-Erofeev
equation varies from one to two, while it is known that
the CNNG equation has been developed for crystal
growth in three dimensions. Unfortunately, no mathe-
matical method provides a proof for the crystal growth
process dimensions, because both equations produce
simulated curves that fit very well with the experimen-
tal data points, and the correct dimensionality can not
be identified. However, from the shape of the experi-
mental curve, it is clear that the phase transition from
xylazine hydrochloride polymorph X to A occurs as a
two-stage nucleation and nuclei growth process.

From the rate constant, it can be considered that at a
higher RH, the transition rate is higher than at a lower
RH. From results obtained with the CNNG equation,
one can see that at a higher RH, the nucleation is af-
fected more than the nuclei growth. The RH effect can
be explained through water diffusion into channels in
the xylazine hydrochloride structure and stimulation of
nuclei development throughout the entire particle vol-
ume. This interpretation can be correct only if diffu-
sion is not the rate-limiting stage. Such an explanation
coincides with specific surface-determination results.
These results showed that xylazine hydrochloride form
X has a large specific surface area (16-21 m?/g), which
can be explained by the fact that argon diffuses into the
structural cavities.

The sample preparation affected both the nucleation
and nuclei growth process, although the greater im-
pact was observed on the nucleation, due to the fact
that during the sample grinding, particles get smaller
and the amount of crystal lattice defects increases.
The particle-size distribution in the samples is shown
in Fig. 7.

Volume, %
-
1

T T — T T T — T
1 10 100
Particle size, um

Figure7 Particle-size distribution in the analyzed samples.
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From Fig. 7, it can be seen that in the sample ground
for the longest time, the abundance of small particles
is higher. Also, it can be observed that an increased
grinding time moves the maximum of the particle-size
distribution curve to the left, and the intensity of this
peak is decreased.

For smaller particles, the specific surface is larger,
and there are more possibilities for development of
nuclei. Also, it is known that smaller particles are more
reactive than larger ones, and that sample-preparation
time increases the occurrence of lattice defects. At the
crystal defect sites, nucleation proceeds faster because
activation energy is minimized at these points [12].

From Table I, it can be seen that application of
mechanical pressure changes only the nucleation con-
stant, while the nuclei growth constant is essentially
not affected, unlike in the two previous cases where
both constants were changed. When a sample is com-
pressed, the lattice defects and mechanical stress in-
crease. In the case when the higher mechanical pres-
sure is used, the increase in the occurrence of defects is
the highest. At these lattice-defect locations, nuclei de-
velopment is facilitated, while not affecting the nuclei-
growth process. These experiments indicate that the
CNNG equation is designed correctly, because it has
been shown that defect introduction has an effect on the
nucleation process, not on the nuclei growth. Also, it
has been shown that a phase transition can be correctly
described with a nucleation and nuclei-growth model.

Besides phase transition kinetics investigations,
thermal property changes have also been analyzed after
the sample compression.

As can be seen from Fig. 8, the melting point of form
A practically does not change, but the transition point
of form X decreases until a pressure of 0.15 GPa has

170

169 - = X form transition temperature
e A form melting point temperature
—— Theoretical line

168 -
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e " ————a——n—
105 T T

—T— —— —T—
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Temperature, “C

Figure 8 Sample thermal property dependence on the ap-
plied mechanical pressure.
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been reached, and then the change stops. The obtained
transition points that pressure dependence can be de-
scribed by exponent function 7 = Too+(Ty-Too)e ™,
where T is the transition temperature, T, is the tran-
sition temperature when pressure approaches oo, T, is
the transition temperature when pressure approaches
zero, k is the constant of the pressure effect (GPa™),
and p is the pressure (GPa). These results correlate
with the nucleation rate constant. At higher pressure,
the nucleation is faster, so the temperature of the ob-
served transition point decreases.

CONCLUSIONS

Kinetics of polymorphic solid-state transition of xy-
lazine hydrochloride form X (the least stable form of
all known xylazine hydrochloride polymorphs) to form
A (thermodynamically stable at elevated temperatures)
were investigated. The phase-transition kinetics were
well described by the Avrami—Erofeev equation and
also by a methodology for the simulation of solid-state
phase transition kinetics by CNNG processes. The dif-
ference between the two equations was in the number
of rate constants used for the description of nucle-
ation and nuclei growth. By using the CNNG equa-
tion, it was determined that nucleation is affected by
the RH, sample preparation, and pressure, while nuclei
growth is affected only by the RH and sample prepara-
tion. The compression of the initial phase affected not
only the nucleation, but also the thermal properties of
the sample. Methodology for the simulation of solid-
state phase transition kinetics by CNNG processes

was approbated in a real solid-state transition for the
first time.
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Abstract A new methodology for the simulation of solid state phase transition
kinetics has been developed by combining the influence of nucleation rate, nuclei
growth rate and the power p characterizing the contact area between the growing par-
ticles. The equations used in this methodology were well known, and have been used
previously for creating some of the most popular solid-state kinetic equations. The
developed methodology made possible calculations of separate rate constants for two
processes affecting the rate of phase transition—nucleation (described with K1) and
nuclei growth (described with K»). Similar phase transitions were also approximated
with the well-known single constant Avrami—Erofeev equation, but we successfully
calculated both constants according to the new methodology, which allowed a sepa-
rate evaluation of these two processes and explained the different induction periods.
The effects of empirically adjusted constants on theoretically calculated kinetic curves
were thus determined.

Keywords Nucleation - Nuclei growth - Phase transition - Kinetic model -
Induction period

1 Introduction

The study of solid state phase transition kinetics may be complicated by various
factors that can affect and limit the rates of these processes. These factors also depend
on the type of solid state reaction. The most common types are decomposition pro-
cesses, reactions between solid components and phase transformations [1,2]. Various
models for solid state reactions have been put forward and analysed on the basis of

K. Kriikle-Bérzina (&) - A. Actigs - A. Bérzips
Faculty of Chemistry, University of Latvia, Riga, Latvia
e-mail: kristine.krukle-berzina@Iu.lv

@ Springer



J Math Chem (2012) 50:2120-2129 2121

transformation. These mechanisms are defined by rate limiting steps, such as nucle-
ation, nuclei growth, phase interface movement or diffusion [1-4].

2 Theoretical background

Nucleation is typically described by the Eq. (1):

dN r

s N(No — N) ey
Where N is the number of nuclei at time ¢, ky is the nucleation rate constant, and
N, is the number of potential nucleation sites (since a phase « to phase 8 conversion
can only start at crystal imperfections, known as nucleation sites) [1,5]. However, this
equation is valid for isolated analysis of nucleation alone, when nuclei growth is not
involved.

The Eq. (1) describes a single step nucleation. The concept of multistep nucleation
is also known, assuming that for the generation of new nuclei several distinct steps
may be necessary. In those cases nucleation is described by the Eq. (2), where § is the
number of successive events necessary for growth of nuclei, and k; is a rate constant
[1,6].

B
dN N, -k
— =2 gl )
dt B!
The second rate determining factor is the growth of nuclei. The volume of nuclei at
the time v(¢) can be described with the Eq. (3):

v(t) = o [r(t, 1,)]" 3)

where o is a shape factor, r is the radius of nuclei at time ¢, and A is the number
of growth dimensions. The total volume occupied by all nuclei can be assessed by
combining both nucleation and nuclei growth rate in the Eq. (4):

Vt—t t anN dt 4
()_/”()(W)t_to @)

o

If nucleation rate follows the Eq. (2), and nuclei growth rate is constant, then this is
a power law (P) type of a model. In the case when some of the possible nucleation
sites are eliminated by the growth of existing nuclei, nucleation would not follow Egs.
(1) or (2) [7]. In such a case the reaction rate follows the Avrami—Erofeev or JIMAEK
model [7,8].

Reactions in solid state also can be described by geometric contraction models,
which assume that nucleation happens rapidly on the crystal surface, and depending
on the shape of the particle, one of the phase boundary controlled reaction models (R)
applies [3,4].

If diffusion is the rate limiting step, then the reaction rate decreases proportion-
ally with the thickness of the product layer, through which diffusion must happen.
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Fig. 1 Generalized —t plot showing the characteristic experimental curve, where 7 indicates the time
when an individual nuclei form, ¢ is the point where the calculation is done, and At denotes nuclei growth
over the time 7

Depending on the mechanism of diffusion, various diffusion models have been devel-
oped [1,4].

Experimental data points can also be described by order-based rate laws (F), which
were originally developed for homogeneous reactions in gas or liquid phase, but were
later adopted also for solid state reactions [9, 10]. The aforementioned mathematical
models are listed in the literature [1,7,11].

Generally, the kinetic curve in the coordinate system of « versus time can be
described according to the Fig. 1, where I is the initial reaction phase, sometimes
associated with the reaction of impurities or unstable superficial material, II is the
induction period, III is the acceleration range, IV is the deceleration range and V
denotes the reaction completion [1]. Each mathematical model has a different appli-
cability of specific regions of the curve, thus for each model there is a typical curve
shape, as represented in the literature [11]. While the definition of rate acceleration or
deceleration region depends mostly on the selected model, the most variable part of
experiments is the induction period. This period can be influenced by:

a) thermal inertia;
b) some other changes in sample delaying the onset of the reaction;
c) aslow start of the main reaction.

The last interpretation matches the true induction period ¢#; [1]. Although the induction
time is not typically included in mathematical models, it is possible to incorporate a
mathematically reasoned induction period in a reaction model.

3 A mathematical expression of the theoretical model
As said before, the nucleation rate can be described with Eq. (1). The nucleation rate

decreases with time, because the number of remaining potential nucleation sites at
time (N, — N) also decreases. If we look at the phase transition expressed as:
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a(s) = Bs)

then the value of N, — N is proportional to W, (residual mass fraction of phase «)
if nucleation sites are equally distributed in the whole volume, so the Eq. (1) can be
written also as Eq. (5), where k is the nucleation rate constant:

62—]:7 = k1 We (1) (%)
By assuming that nuclei growth rate would be isotropic and proportional to the phase
boundary area, at low conversion degree values this phase boundary area is equal
to the total surface of all growing particles. However, there is a possibility that two
growing nuclei can come into contact, blocking further growth at this contact area.
Such a contact area, which must increase with conversion degree, is determined by
the residual phase o mass fraction. The total effect of these processes can be described
by the Eq. (6), which includes dependence of nuclei growth rate on the surface area
of growing phase B and the residual mass fraction of phase « to the power p, which
describes the influence of contact area between the  phase crystals.

dm

— =kLSgWl(z 6
7 25 W, () 6)
The surface area of a growing spherical particle can be expressed from its density and
mass:

Z—’? = ko (m;(0)*PWE (1) (7

By integration of this equation, the following expressions can be obtained:

dm
oyl Ve (@t ®
1
3dm'3 = ko WP (r)dt )
k t
ml/3 = gz/Wlf(t)dt—i-const (10)
T

In the Eq. (10), the mass of a single nucleus (formed at the time 7) is obtained at time
t (see the Fig. 1). As noted previously, the growth starts only when nuclei with mass
m, are formed, thus we can calculate an integration constant, because when t = t,

then m = m,, so the constant equals to m(l,/ 3:

3

!
ko
Mgy =my | 1+ 3—1/3 / Wo‘:)(‘f)dl‘ (11
mgy
T

/

If the constant k; is combined with m(l, 3, then a constant K is obtained:

@ Springer



2124 J Math Chem (2012) 50:2120-2129

; 3

K
M) = Mo 1+?2/W0f(r)dt (12)

T

In order to calculate the mass increase of all nuclei formed at the time dt, the Eq.
(12) describing the growth of these nuclei should be multiplied by the Eq. (5), which
describes the amount of nuclei formed at a given time:

' 3

K>
dM(t) =kim, | 1 + T/Wo{’(t)dt Wy (t)dt (13)

T

The mass increase of all particles formed between r = 0 to ¢, expressed in the Eq.
(13), should be integrated. A new constant K| = ky - m, is thus created.

3

t t t

K

l—Wazaz/dM(r)zKl/ 1+?2/W(f(r)dt Wy (t)dt  (14)
0 0 T

By solving this integral equation, the dependence of « on time can be obtained. The
method for solving the Eq. (14) is presented further.

4 Calculation methods

The Eq. (14) was solved according to the Runge—Kutta method of numerical integra-
tion [12], and for this purpose the Eq. (15) describing nucleation and the Eq. (17)
describing nuclei growth were introduced. The starting conditions were Wy, ;—0) = 1,
and each formed nucleus was assumed to have a mass of m,. In these equations AN
was replaced with AM /m,, because AM = AN - m,, obtaining:

AM = K - Wy(t)At (15)

where AM is the total mass of nuclei formed over Az, and 7 is the moment of forma-
tion.
A non-dimensional mass multiplication parameter Z was inserted into the Eq. (7),
where Z = m/m,, resulting in the Eq. (16):
AZ = Ky 223 WP
= KoZ "5\ Wy (T) AL (16)

The growing particle mass multiplication parameter Z over At, relative to the initial
nuclei mass can be calculated at time 7, according to the Eq. (17):

Zi—v=Zin+AZ (17)
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Table 1 Tables used for calculations representing nucleation and nuclei growth

i J

1 2 3 . z

A

1 AMy 0 0 0

2 AM,; AM, 0 0

3 AM,; AM, AM; 0 0
AM, AM, AM; 0

z AM, AM, AM; - AM,

B

1 Z11 0 0 0

2 Z12 Zy 0 0

3 Z3 Zy3 Z33 0
Zy... Z... Z3... 0

< Zy; 22, Z3; Zzz

This process can be simulated by using two Table 1A and B, of which the former
represents the amount of formed nuclei, calculated according to the Eq. (15), and the
latter represents a mass multiplication factor of growing nuclei calculated according
to the Eq. (17). Each table consists of rows i (numbered from 1 to z) and columns
J (numbered from 1 to z), both representing time. Changing column or row by one
means changing time by Atr. The values in the table cells were calculated in such a
way that changing j means changing 7, and changing i means changing t. If we look at
the example shown in the Table 1, then the amount of nuclei formed (in the Table 1A)
in time t (corresponding to the first column ;) did not depend on changes in the time
t (corresponding to any of the rows i), if i > j. However, by changing the time ¢
(corresponding to any of the rows i), the mass multiplication factor Z in the Table 1B
was increased.

Each cell of the Table 1A was filled according to the following rules:
]) AM(,’J) = O, lf] > i
2) AMg ;y=Eq.(15),if j =i
3) AMg ) =AM, j),if j <i
Each cell of the Table 1B was filled according to the following rules:
1) Z, ) =0,if j > i
2) Zgp=1ifj=i
3) Z(,',j) =Eq. (17), lf] <i

The conversion degree was obtained from the Eq. (18), by calculating the sum of

products of AM(; jy and Z; j for each given time, according to the row i:

z
= Wor = Moy =D (AMq.j) - Zi.j)) (18)
=1
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In that way, the corresponding conversion degree for the given constants K, K> and
p was found for the time 7.

After describing the experimental process with such a mathematical procedure,
a least squares method in Excel Solver was used for optimizing the equation con-
stants K1, K> and p, in order to minimize the divergence between experimental and
theoretical conversion degree values at given times.

5 Discussion

The developed methodology produced a kinetic curve with a sigmoid shape, as shown
in the Fig. 2. From the kinetic curve shown in the Fig. 2 it was concluded that a phase
transition with an induction period can be described analytically. Similar curves could
also be obtained with the Avrami—Erofeev equation [7,8].

The major differences between the well-known Avrami-Erofeev equation and our
provided method can be outlined as:

1. The number of nuclei appearing in a volume V was obtained in the Avrami equa-
tion [13] by:

N =V Ndr, (19)

where N is the rate constant of nucleation. The reduction of nucleation sites due
to growth of nuclei was not included in this equation, and this shortcoming was
circumvented by further analysing an extended volume—the volume of the new
phase that would form if the entire sample was not yet transformed. However, in
the provided equation we used the real volume from the very beginning, and the
nucleation rate was described with the Eq. (5), including a decrease of nucleation
rate with an increasing mass fraction of the product.

0.8 4
0.6 4
0.4 4

0.2 4

0.0 - T " 1
0 50 100
Time (a.u.)

Fig. 2 An example of a calculated kinetic curve
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2. With both approaches an increase of volume was obtained by multiplying equa-
tions describing nucleation and nuclei growth. In Avrami equation a constant
growth rate of particle volume was used, and the extended volume was again
obtained due to ignoring any contact areas of growing particles. In our Eq. (6) we
used a more realistic mass increase rate, which was proportional to the growing
phase surface area, and the mass fraction of initial phase raised to the power p. By
using this function, we introduced a rate adjustment due to the predicted contact
between growing particles.

3. The starting mass of nuclei m, was obtained from integrating the Eq. (7), describ-
ing the growth of nuclei. Although the size of nuclei and their Gibbs energy
diagrams have been characterized in the literature [14], the concept of critical
mass has not been introduced neither in Avrami equation, nor in other published
equations.

4. A simple equation describing an extended volume with two constants was obtained
by a combination of nuclei growth rate and the nucleation rate. For obtaining the
real volume, it was multiplied with a volume fraction [13]. Our equation included
a correction already from the beginning, and it was different for each nucleation
and nuclei growth process.

5. Finally, the Avrami equation was obtained as integral equation, and the nucleation
and nuclei growth constants were combined into one constant K. This form of
Avrami equation made it impossible to obtain separate growth and nucleation rate
constants. However, a second constant n was introduced, characterizing dimen-
sions. Our equation was obtained in differential form, and the product of both
constants could not be obtained. Solving of such a differential equation was pos-
sible only through numerical integration, which gave both nucleation and nuclei
growth constants combined together with the constant p.

In Fig. 3 we show the parameter change effect on simulated theoretical plots
with general kinetic parameters K; = 0.00013 gh™!, K, = 0.13h™! and p =
1. In each case the rest of the parameters were not changed. It can be seen
that both constants K; and K; influenced the shape of the curve. The constant
K> mainly determined the curvature of the line, while the constant K| mainly
affected the induction period. The constant p had a slight effect on the curve
at the end of the phase transition, when growing nuclei were starting to aggre-
gate, and therefore the growth rates were slower than would be in an ideal
case.

When such a numerical integration was performed, the results depended on the
calculation time interval. The Fig. 4a shows the differences in calculated conver-
sion degree values, compared with those calculated with Ar =0.05 &, but the Fig. 4b
presents a comparison with those calculated with Ar =0.3 h. The largest calculated
conversion degree difference created by At increase from 0.05 to 0.3h was smaller
than 0.004, but when comparing the effect of Ar =0.05 h versus At =0.45 h, then the
largest difference was approximately 0.006. These errors were negligible in the con-
text of the typical X-ray powder diffraction analysis accuracy, used for phase content
determination in real phase transitions.
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Fig. 4 Differences in calculated conversion degree values for various Az, comparing a At = 0.05h and b
At =0.3h

6 Conclusions

With this developed methodology it was possible to successfully simulate and analyse
phase transitions, where both nucleation and nuclei growth represented rate limit-
ing steps, and a certain induction period was observed. Such phase transitions were
described with an equation involving three constants—rate constants of nucleation
(K1) and crystal growth (K»), and a constant p characterizing the contact area between
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the growing particles. For experimental phase transitions these constants would be
determined from kinetic data with Excel Solver. It was concluded that the value of
nucleation rate constant (K ) affected mostly the early part of the curve, while the
crystal growth rate constant (K7) defined the curvature of the kinetic plot.

Acknowledgments This work has been supported by the European Social Fund within the project “Sup-
port for Doctoral Studies at University of Latvia” and by Latvian Academy of Sciences Grant No. 09.1555.

References

1. M.E. Brown, D. Dollimore, A.K. Galwey, Reactions in the Solid State. Comprehensive Chemical

Kinetics, vol. 22 (Elsevier, Amsterdam, 1980), pp. 41-246

. R.C. Ropp, Solid State Chemistry (Elsiever, Amsterdam, 2003), pp. 129-189

S.E. Hulbert, J. Br. Ceram. Soc. 6, 11 (1969)

. J. Sestik, G. Berggren, Thermochim. Acta 3, 1 (1971)

V.V. Boldyrev, Thermochim. Acta 100, 315 (1986)
C. Bagdassarian, Acta Physicochim. URSS 20, 441 (1945)

. AK. Galwey, M.E. Brown, Thermal Decomposition of lonic Solids (Elsevier, Amsterdam, 1999), pp.

75-115

. B.V. Erofeev, C.R. Dokl. Acad. Sci. URSS 52, 511 (1946)

. K.L. Mampel, Z. Phys. Chem. Abt. A 187, 235 (1940)

. K.L. Mampel, Z. Phys. Chem. Abt. A 187, 43 (1940)

. K. Khawami, D.R. Flanagar, J. Pharm. Sci. 95, 472 (2006)

. J.C. Butcher, Numerical methods for ordinary differential Equations (Wiley, Chippenham, 2003), pp.

86-96

. M. Avrami, J. Chem. Phys. 1103, 7 (1939)
. AK. Galwey, G.M. Laverty, Solid State Ion. 155, 38 (1990)

@ Springer



Pharmaceutical Development and Technology Downloaded from informahealthcare.com by IBI Circulation - Ashley Publications Ltd on 12/07/10
For personal use only

Pharmaceutical Development and Technology, 2010; 15(2): 217-222

RESEARCH ARTICLE

healthcare

The relative stability of xylazine hydrochloride

polymorphous forms
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Abstract

All four known xylazine hydrochloride polymorphous forms were obtained and their relative stabilities
were compared directly at three different temperatures. At higher temperatures, it is possible to determine
the relative stability of all forms directly by measuring the changes in the composition of the mixtures of
two polymorphous forms using powder x-ray diffraction methods. At lower temperatures, a solvent was
added to the mixture and the changes in composition were determined. Polymorph transition tempera-
tures were determined directly. To predict the transition temperature which was not found using the direct
method, the polymorph melting data and determined transition temperatures were used. A phase stability
diagram was constructed from the acquired data. The stability of all anhydrous polymorphous forms was
compared in the presence of water vapor pressure that was higher than the equilibrium pressure.

Keywords: Polymorphism; xylazine hydrochloride; phase equilibrium; transition temperature; hydration

Introduction

Many pharmaceutical solids can exist as crystalline
phases with different arrangements of molecules.!”
Such structures are called polymorphs and in phar-
maceutical research and development, it is necessary
to investigate which polymorphic form is used and to
determine whether it is the most stable one, because
polymorphs have different stabilities, melting points,
solubilities, bioavailabilities, dissolution rates and other
properties.!?!

An important task that should be undertaken in phar-
maceutical research is characterization of polymorphs.
One very important piece of such characteristic infor-
mation is the relative stability of the polymorphs. It is
necessary to produce a polymorph, which under given
conditions is stable and does not undergo phase transi-
tions. Stability relation of two polymorphs can be char-
acterized using the transition temperature and the tran-
sition rate at temperatures which are not the transition
temperatures. Thus, to characterize two polymorphs,
both factors - the transition temperature and the transi-
tion rate - are important.

If one compound exists as more than two poly-
morphs, the phase transition temperatures between
the two unstable polymorphs at a given temperature
are harder to determine due to the fact that the most
stable state can form.® General method for prediction
of thermodynamic relationship of polymorphs is dif-
ferential scanning calorimetry (DSC),"”* but the most
popular method for transition temperature determina-
tion is use of relative solubility measurements.™-1? The
transition temperature can also be calculated from heat
of solution and solubility data™ and from polymorph
melting temperatures and enthalpies of fusion.” In this
paper, polymorphous form stability is studied using a
complicated example where four polymorphous forms
can exist and requiring no additional equipment other
than what is necessary for the identification of poly-
morphs. While examining stability, it is also necessary
to consider kinetic aspects due to the fact that some
polymorphs can be kinetically stable under condi-
tions where another form is thermodynamically more
stable.

Another important parameter which characterizes
anhydrous phase stability is the hydration rate.!' The
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rates of hydration for two xylazine hydrochloride poly-
morphic forms were described in the literature, but it
was necessary to compare the hydration rates of all four
polymorphic forms to determine which polymorph is
the most stable in humid atmospheres and which ones
are unstable in these conditions.

Xylazine hydrochloride (2-(2,6xylidino)-5,6-
dihydro-4H-1,3-thiazine hydrochloride) is an adrener-
gic a-agonist used as a sedative, analgesic, and muscle
relaxant in veterinary medicine. It is a white or almost
white hygroscopic crystalline powder."'® It is a rather
complicated sample for polymorphous form physi-
cal stability studies. It has four polymorphous forms,
hydrate, hemihydrate and solvates with dichlorometh-
ane and 2-propanol.'” In this research, all four poly-
morphous forms of xylazine hydrochloride, A, X, Z and
M forms and the hydrate H have been used. Xylazine
hydrochloride is quite hygroscopic and its anhydrous
forms (especially X) easily and rapidly form the hydrate
H under normal laboratory conditions.!?!

Materials and methods

Materials

Xylazine hydrochloride was supplied by JSC Grindeks,
Riga, Latvia. Sulfuric acid was purchased from P.P.H.
‘Stanlab; Poland, its solutions were prepared and the
concentrations were determined using the measured
density of the solution. Organic solvents were purchased
from ACROS Organics (Belgium). The distilled water was
produced in the laboratory.

To obtain the anhydrous form A, the supplied xylazine
hydrochloride was maintained in a thermostat at 100°C
for two days. To gain a hydrate, a sample was crystallized
from water at room temperature and it was ground with
a pestle to make a paste of xylazine hydrochloride and
water and subsequently dried. To prepare the anhydrous
form X, the hydrate was maintained in a thermostat at
60°C for one day. To prepare the Z form, A was crystallized
from methanol in a chamber where low relative humidity
was maintained with the presence of an 80% sulfuric acid
solution. When A was crystallized from dichloromethane
in the same chamber, solvate MS formed which, in turn,
after one day in low relative humidity formed anhydrous
M. All polymorphous forms were confirmed with powder
x-ray diffraction and corrolated with diffraction patterns
mentioned in the literature.'” Before use, all the forms
were pulverized in a pestle.

Powder x-ray diffraction (PXRD)

PXRD patterns were determined on a Bruker D8 Advance
diffractometer using copper radiation (CuKa) at a wave-
length of 1.54180 A. The tube voltage and amperage

were set to 40kV and 40 mA. The divergence and scatter-
ing slits were set at 1.0 mm and the receiving slit was set
at 0.6 mm. The diffraction pattern was taken using a scan
speed of 0.5s/0.02° going from 7-30° on the 26 scale.

Relative stability studies

To ascertain the relative stability of xylazine hydro-
chloride anhydrous polymorphic forms at different
temperatures, samples from two polymorphic forms
were prepared with an approximate proportion of 1:1
by mass. The PXRD pattern for this sample was made
and the sample was inserted in a thermostat at tempera-
tures of 25°C, 60°C or 100°C. After a time, the samples
were taken out of the thermostat and subsequent PXRD
patterns were obtained. It was then determined which
polymorphic form increased and which one decreased.
As long as the sample consists of only these two forms,
it is clear that the stable form is the one whose content
isincreased. By varying the polymorphic form combina-
tions in the sample, it is possible to determine the rela-
tive stability of each polymorphic form.

At 25°C, the process was very slow and the changes
were not observed even after one month. Then absolute
ethanol was added to the solid sample and the mixture
was allowed to dry. After evaporation of the solvent,
the sample was pulverized and the PXRD pattern was
obtained. Again, the content of the stable form increased
and that of the less stable form decreased.

Melting point determination

The melting point of each xylazine hydrochloride poly-
morphic form was determined using both differential
thermal analysis (DTA) and differential scanning calor-
imetry (DSC). For DSC, 4-7mg of xylazine hydrochlo-
ride polymorphic form is placed in an aluminum pan
and heated at a speed of 10°/min (except for X, where the
heating speed is 20°/min) using a DSC 823e, METTLER
TOLEDO. For DTA, approximately 10mg of xylazine
hydrochloride polymorphic form is placed in an alumi-
num pan and heated at a speed of 2.5-50°/min using an
Exstar6000 TG/DTA6300.

Hydration rate measurements

Powdered samples of all xylazine hydrochloride poly-
morphs were inserted in sample holders in thermostat-
ted constant humidity chambers. After time, the PXRD
patterns of samples were obtained to ascertain the
degree of conversion. The experiments were conducted
at 30°C at two water vapor pressures of 19.9 torr and 25.6
torr, which were maintained with the presence of sulfu-
ricacid solutions. The analysis of the data was performed
by the half-quantitative non-lapping reflex method.
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Results and discussion

Characterization of the xylazine hydrochloride crystal
forms

The supplied xylazine hydrochloride was analyzed using
the powder x-ray diffraction method and was determined
to be a mixture of the anhydrous form A and the hydrate
H.I' All five obtained xylazine hydrochloride crystalline
form PXRD patterns are shown in Figure 1.

Xylazine hydrochloride polymorph form stability at
different temperatures

As described in the methodology, two polymorphic
forms of xylazine hydrochloride were mixed and the
changes over time were investigated with PXRD at three
temperatures. At 25°C after evaporation of ethanol, the
Z form was always present. The polymorphous form
different from Z in the final mixture was selected as
the most stable polymorph of the initial mixture. The
results at every temperature are shown in Table 1, and

Intensity
(counts)
2000 i
1000 |4 [ 1k ’ :
R, A W
__3 s N Y
2 __J'|'._,|| Y i .'Ir” ]
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Figure 1. The PXRD patterns of five crystalline forms of xylazine
hydrochloride: (1) anhydrate A, (2) hydrate H, (3) anhydrate X,
(4) anhydrate Z, and (5) anhydrate M.

the polymorphic forms in order of relative stability are
shown in Table 2.

At 100°C in samples without the A form present, after
some heating, the A form appeared and it was deter-
mined that the A form is the most stable polymorphic
form at this temperature. The time at which the A form
began to appear was different for each sample and this
time can be variable.

In Table 2, it is clearly seen that there is a change in
which the polymorphic form is the most stable at the
examined temperatures. At 25°C, form Z is the most sta-
ble polymorph, but, at 60°C and 100°C, the most stable
polymorph is the A form. The X form at all temperatures
is the least stable polymorph.

Xylazine hydrochloride polymorphic form transition
temperatures

Polymorphic form stability can be characterized with
Gibbs energy,** so the temperature at which changes
in a mixture of two polymorphs I and II do not occur,
is the temperature at which the Gibbs energy for both
polymorphs is the same. Thus, for the complete char-
acterization of the polymorphous forms, it is necessary
not only to determine the relative stability at some
temperatures, but also to determine the polymorph
transition temperature. The transition temperature
can be determined directly or indirectly; the literature
describes some ways to determine this with many
required parameters./*!" In this paper, we used a direct
method to determine the polymorph stability transition
temperature. By varying the temperature at which two
polymorphs are examined with PXRD, the changes in
phase composition were determined. At higher tem-
peratures two polymorphs were mixed and thermostat-
ted and the PXRD pattern variations with time were
collected. At lower temperatures (below 40°C) because
of slow processes, a solvent was added to the mixture
and changes after solvent evaporation were examined
with PXRD.

Table 1. The relative stabilities of two polymorphic forms of xylazine hydrochloride mixtures at different temperatures.

100°C 60°C 25°C
Mixed Stable Time when A Mixed Stable Mixed Stable

Nr. polymorphs polymorph appears, min polymorphs polymorph polymorphs polymorph
1 X+Z Z 300 M+Z Z A+Z Z

2 X+M M 100 M+A A Z+X Z

3 M+A A - X+Z Z A+X A

4 M+Z M 1000 M+X M M+Z Z

5 A+Z A - A+Z A! A+M -2

6 A+X A -

'It was not possible to determine which polymorphic form is stable because of slow transition, so ethanol was added and the stable polymorphic

form was gained.

It is impossible to predict the more stable polymorphic form, because after evaporation of the solvent, both of the original forms and the

polymorphic form Z are present.
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Table 2. The relative stability of xylazine hydrochloride polymorphs
at different temperatures.

Table 3. Melting and re-crystallization temperatures of xylazine
hydrochloride polymorphs.

Temperature 25°C 60°C 100°C Method Speed, °/min A Z M X
Relative stability 1 Z A A T(DTA), °C 20 167.8 144.3 148.7 1293
2 A,M Z M 50 - 144.5 148.9 -
3 M Z 2.5 - 133.6 136.9 -
4 X X X T(DSC), °C 10 168.9 141.4,145.0' 140.6 132.7°

In this way, three transition temperatures for xyla-
zine hydrochloride were examined between the A and Z
forms, the Z and M forms and also the A and M forms.

In the thermostat, the A and Z forms were treated
with ethanol and depending on the temperature, the
phase composition was determined by PXRD and
the transition temperature was determined to be
48.5+1°C.

For the Z and M forms, it is not possible to determine
transition temperature with a solvent as in the case of
the A and Z form sample, because, after evaporation
of the solvent, almost all of the xylazine hydrochloride
transforms to the most stable polymorphic A form at
that temperature. So this transition temperature was
determined only by observing the changes in the Z and
M mixture at various temperatures and was determined
tobe 65+5°C. The large error is due to the slowrate of the
phase transition near the equilibrium and the fact thatno
solvent can be added. To determine more precisely the
transition temperature, more time is necessary. If there
is methastability near the equilibrium temperature, it is
not possible to determine a more precise temperature
with the direct method.

The same failure occurred when A and M transition
temperatures were determined, but at alow temperature
such as the one at the A and M cross point - predicted
(below 50°C) - phase transition is very slow or does not
happen at all at a recordable rate. So it was impossible
to determine the A and M phase transition temperature
directly.

To predict the A and M equilibrium temperature or
even to predict whether the Gibbs energy of these two
polymorphic forms crosses, it is necessary to know the
melting points of these three forms - A, M and Z and also
two determined transition temperatures - Z and A, and
M and Z.

To determine xylazine hydrochloride polymorph
melting temperatures two methods were used - DTA
and DSC. In addition, the X was also examined and its
melting temperature was determined. The detected
melting or re-crystallization temperatures gained from
these two methods are shown in Table 3.

With the exception of the melting of Z, it is pos-
sible to see only endothermic peaks for the other
polymorphs using the DSC method. For A, only one
endothermic peak appears, but for other polymorphs
multiple endothermic peaks are observed, which

'The firstisameltingtemperature, butthe second isare-crystallization
temperature.
“In this case, the heating rate is 20°/min.

means that along with melting, re-crystallization
may happen or the observed process is not melting
of a polymorph but a phase transition. That means
that obtained temperatures are very approximate.
The determined temperatures are not precise melt-
ing points because in this situation, the endothermic
effect from melting dominates over the exothermic
effect from the re-crystallization process. At the end, it
only allows us to predict whether the Gibbs energy of A
and M will cross and at approximately what tempera-
ture it will do so. This fact is supported also by changes
in the endothermic peak maximum in DTA when the
heating rate is changed (Table 3). When the tempera-
ture increases slowly (2.5°/min), lower temperatures
are obtained, but when the increase is larger (20°/min
and 50°/min), the melting or transition temperature
is almost the same and noticeably higher than that
gained at 2.5°/min. Therefore, these last temperatures
will be the best for determining the polymorphic form
melting temperatures.

Three of the temperatures necessary to determine the
sixth are clearly known and are precise for the melting
point for A and both of the determined phase transi-
tion temperatures. Although the Z and M cross point is
determined with a fairly high uncertainty, by changing
this temperature from 60-70°C, the transition tempera-
ture changes by 2-5°C depending on the other variables.
The A and M form transition temperature was calculated
using Equation (1),

((tMZ _tM)(tAZ _tz) }t —t
=

(th _tz )(tAZ _tA)
" ((tMZ_tM)(tAZ_tZ)]_l

(tMZ 1 )(tAZ _tA)

(1)

where t,  is the transition temperature for polymorphs
I'and II, but t, is the melting temperature of polymorph
I. The melting temperatures of Z and M are predicted
to be approximately in the 135-150°C range. Further,
using the M-Z transition temperature of 65°C, the Z and
M melting temperatures were changed. Although DSC
data shows that the Z melting temperature is higher
than that of M, it is clear, that the M melting temperature
has to be higher than that of Z, because at temperatures
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above 70°C, the M form is more stable than the Z form.
Since false results are acquired using a more precise
method, the melting point determinations have a high
degree of uncertainty. In Table 4, the A-M transition
temperatures are shown depending on the M and Z
melting temperatures.

From Table 4, it can be seen that in all examined
cases, there exists an A-M equilibrium temperature
which is between 41.2°C and 47.9°C. From these data
it is clear that at 25°C the more stable xylazine hydro-
chloride polymorph for the pair A-M should be M.
Although in pharmacy hydrate H and anhydrous A are
used, two other polymorphs, Z and M, are more stable
than these polymorphs at ambient temperatures. These
polymorphs can be gained by treating anhydrous xyla-
zine hydrochloride with organic solvents at low relative
humidity which is almost impossible during storage.
So we can predict the A-M transition temperature as
45+5°C (but lower than A-Z transition temperature)
and construct graphically Gibbs energy changes relative

Table 4. The calculated A-M transition temperatures.

t, °C t, °C tyy, °C t,°C  t,°C tyy, °C
141.4 142.0 47.9 140 144 44.0
144 148 43.3 135 140 43.2

Temperature,”C

4I0 60 80 100 120.._ _;;140"”,-160

o

AGq- AGyq

Temperature,”C

60 /./]o

Figure 2. The relative Gibbs energy changes for polymorphic forms
of xylazine hydrochloride, where (——) is the M form, (------ )isthe A
form and (.- ) is the Z form.

Table 5. The hydration rate of xylzine hydrochloride polymorphous
forms.

mass fraction
Water pressure, torrs  Polymorphic form Time,h of hydrate, %

19.9 Z 72 0
M 72 16
X 72 100

25.6 A 3 6
Z 3 2
M 3 50

to the liquid state depending on temperature, which is
shown in Figure 2.

Hydration mesurements

In arecent article, the hydration rates of xylazine hydro-
cloride polymorphous forms A and X were compared*?
and it was determined that the hydration of the A form
is much slower that that of the X form. In these experi-
ments, the hydration rates of all four pure xylazine
hydrochloride polymorphous forms were compared.
Results of the hydration experiments can be seen in
Table 5.

From these results, it can be seen that the most stable
polymorphic form at examined humidities is the Z form,
the A form is the next stable, the M form is the third most
stable, and the least stable polymorphic form of xylazine
hydrochloride at these humidities is the X form. In no
experiments did the semihydrate Y form, which means
that the transition from all xylazine anhydrous forms to
the hydrate H form is a simple reaction without conver-
sion to semihydrate Y at this temperature and at these
humidities.

Conclusion

By using the direct method, it is possible to determine
the most stable of two xylazine hydrochloride polymor-
phous forms at 60° and 100°C. At 25°C, a solvent is nec-
essary to determine the most stable polymorph.

At all examined temperatures, the least stable of the
xylazine hydrochloride polymorphous forms was X. For
all of the other three polymorphous forms, there were
changes in relative stability at three determined transi-
tion temperatures 45+5°C for A-M, 48.5+1°C for A-Z
and 65+ 5°C for Z-M. The transition temperatures for the
Z-M and A-Z forms can be found directly but the third
one, only theoretically, using both experimentally gained
tansition temperatures and polymorph melting tempera-
tures from DTA and DSC data. The most stable anhydrous
polymorphic form at 30°C at examined humidites is the Z
form and the least stable is the X form.
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